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1 - INTRODUCTION

It is widely understood that the use of mathematical modeling, analysis, and
simulation (MMA&S), when used wisely, is of great value as a means to gain early
insights into the nature of a proposed engineering system and to enhance the
probability of anticipating problem areas early in the program. It is also now
widely understood that MMA&S, when properly integrated into a system
development program, can result in a system development cost which is orders of
magnitude less expensive than the cost of development via the once- traditional
strategy of rushing through the preliminary design in an ad #b fashion to the early
fabrication of the physical system, testing, changing design, rebuilding, retesting,
etc. A combination of MMA&S, design, fabrication, and testing will minimize total
system development cost. Systems control is an area of one of the earliest
applications of MMA&S, possibly because of the subtle and often counter-intuitive
nature of the dynamic stability problem. Results have been extraordinarily

successful in many cases.

The Controlled Ecological Life Support System (CELSS) concept presents a
prospective application of this system development strategy. It is interdisciplinary
in its scientific and technological span and, of necessity, contains dynamic processes
of wide diversity of physical origin. Such a system would contain at least a crop
growth subsystem, a personnel subsystem, a waste treatment subsystem (Figure 1),

and a management, automation, and control subsystem. Systems characterized by



this level of complexity and diversity almost always have the potential for counter-
intuitive behavior which, at best, results in unacceptable performance of the
controlled system, and, at worst, results in self-destructive behavior when

improperly chosen feedback control is imposed on the system.
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Figure 1. Schematic showing the primary functional subsystems of a CELSS. Data
acquisition, data processing, and control subsystems are not shown.

The Crop Growth Research Chamber (CGRC) project, an element of the
CELSS program, can itself be profitably subjected to the MMA&S treatment.
(As pointed out earlier, CELSS must contain a crop growth subsystem, but its
required envelope of operating conditions is much smaller than that of a
CGRC.) The CGRC is intended to be a precision research apparatus to support
research in crop growth science and technology and must provide a precisely

controlled environment for this purpose. The performance requirements include




providing satisfactory (prescribed) time histories of fluid flows, concentrations
of gases and liquids, temperatures, and pressures at designated points within the
CGRC system, a scenario which is referred to as the multi-input, multi-output
tracking problem in the field of systems control. Even a subsystem of a CGRC,
such as the shoot side environmental control system, is sufficiently complex to
present a challenging but clearly tractable and almost ideal subject for MMA&S

attention.

The development of a system to control the environmental conditions
within the shoot side chamber of the CGRC involves (1) the selection of
component devices (i.e. actuators) which will affect the environmental variables
that are to be controlled, (2) the selection of component devices which will
provide suitable measurements of the environmental variables (i.e.
measurement instruments), and (3) the development of control algorithms
which utilize the outputs of the measurement instruments to provide the
necessary combinations and time sequencing of inputs to the actuators so that

the required performance characteristics of the environmental variables within

the CGRC are met.

The process of control system synthesis almost always involves a
familiarization process, and the familiarization process almost always involves a
process of starting with great but meaningful simplifications and moving in
some rational sequence of stages to a stage in which sufficient complexity and
detail is addressed. The conscious pursuit of this strategy and what it implies is

apparently not generally intuitive.

The purpose of this report is to present the results of the authors’ initial

examination of the control problem related to the provision of the required



environment of the plant shoots of a hypothetical CGRC configuration. This
configuration was thought to be consistent with the requirements of a CGRC
but not expected to be the final configuration. Figure 2 is a minimally
annotated schematic representation of the object of study, and is provided to
help the reader gain insights into the relative positions of the major components

and their sequence in the air flowstream.

1.1 ORGANIZATION OF THE REPORT

In the sequel, we describe the crop shoot side environmental delivery
system (CSSEDS), define the specific purpose of the model, characterize the
model in terms of the processes of which it 1s composed and how they interact,
present the natural equations in both linear and nonlinear forms, extract the
state variable representation of the model, present a canonical form of the state
variable form, and present the results of a cursory study of the problem of
choosing feedback control gains so that one of the unstable modes of the system

is replaced by a stable mode.

2 . DESCRIPTION OF THE SHOOT ENVIRONMENT DELIVERY
SYSTEM

Figure 3 is also a representation of the CSSEDS but is configured to be
very useful to the modeling process and displays much more detail than does
Figure 2. In Figure 3, large circled numbers indicate points (nodes) at which it
is anticipated that the potential variables are important to the control and

performance  problem, and small numbers beside arrows with



Figure 2. Diagram of the crop shoot side environment delivery system. Relative position
of primary functional subsystems and fluid flow paths are emphasized.

one-sided heads indicate flow paths for which it is anticipated that the flow
variables will have similar importance. The function of the components of the
CSSEDS will be explained by tracing the airflow clockwise around the circuit
beginning with its entrance into the upper chamber. The plants receive radiant
energy from a light source above (and external to) the chamber after it emerges
from an electromagnetic radiation filter which removes most of the long-wave (IR)
radiation from the spectrum. Water and nutrients are supplied to the roots by
means of a nutrient delivery system that is materially isolated from the shoot side
environment. The flow path for the air entering the chamber is assumed to be

designed to assure that uniform conditions exist in the shoot side chamber.

Air enters near the top of the upper chamber and is thoroughly mixed with
the air in the upper portion of the chamber. As the air moves from the upper

chamber inlet to its exit, gaseous exchange of carbon dioxide, water vapor and



oxygen occurs between the crop canopy and the atmosphere. The resulting mixture
exits the upper chamber via a flow path provided between the chamber walls and
the plant support surface into the lower chamber and then into the ducting via an
entrance located in the bottom. The flow is then directed through a pre-filter and a
HEPA filter to remove particulates from the air as it leaves the chamber. Upon
exiting the filter, the air sustains a pressure loss imposed by a valve. By means of
a valve and fan, a portion of the air flow is diverted into a gas separator which
removes excess oxygen and/or carbon dioxide as required. The required air
movement around the flow path is accomplished by employing an air mover (e.g., a
centrifugal pump or a blower), and at the discharge of the air mover, makeup gases

are injected into the flow stream to maintain the required atmospheric

Figure 3. Schematic of the crop shoot side environment delivery system. Includes detail
necessary for model synthesis.




composition. The water which is transpired by the plants is removed from the
system airflow stream in the form of condensate by diverting a portion of the flow
through a condensing heat exchanger. Two valves, one in the flow path through the
condensing heat exchanger and one in the condensing heat exchanger bypass
regulate the mass flow ratio of the paths. The flow is recombined and enters the
cooling/heating subsystem. A portion of the flow can be diverted through either a
heater or a cooling heat exchanger. Valves control the flow distribution among the
three possible flow paths. Again, the flows are combined and the mixture is ducted

to the chamber inlet, completing the traverse of the circuit.

3 - PERFORMANCE AND PHYSICAL CONFIGURATION REQUIREMENTS

It was established by a science advisory group that a CGRC which could be
useful for their research would of necessity have certain performance capabilities
and would have certain physical characteristics. The group limited itself to
describing these capabilities and characteristics and left the details of how they
might be obtained to the designers.

(1). Crop growth platform area - 2.0 m?

(2). Minimum upper crop shoot volume - 2.0 m>.

(3). With the lights on and no plants in the CGRC, the temperature rise of the air
exiting the upper chamber must not be greater than 2 C.

(4). The CGRC must be able to provide a quantum light intensity of as much as
2000 pmoles/(m?-sec).

(5). The airflow speed must not exceed 2 m/s in the shoot upper chamber



(7). It is not permissible for the pressure within the shoot and root environments to
be less than 0.5 mm Hg higher than the CGRC surroundings.

(8). The chamber walls must be kept at least 2 C higher than the air within the
chamber.

(9). Water must not precipitate from the air anywhere other than in the water

removal subsystem.

4 - PURPOSE OF THE MODEL

We consider the scenario in which the growth chamber contains a crop of
plants forming a closed canopy and the system goal is to maintain temperature,
relative humidity, pressure, carbon dioxide concentration, oxygen concentration,
and mean air velocity in the chamber within set tolerances about constant
operating points. The formal purpose of the model is to support the exploration of
the generic stability properties of the system in the neighborhood of an operating
condition of specific interest to members of a science advisory group, but it also
played an important role in the process of familiarization. Of course, the scientists
who expect to do research with this type of chamber are concerned about a great
deal more than simple stability, but stability is a logical starting point for
performance studies. The details of the operating condition for which the study was

done are presented in Sections 3, 7.4, and 7.5.



5 - THE MATHEMATICAL MODEL OF THE CROP SHOOT ENVIRONMENT
DELIVERY SYSTEM

The philosophy and procedure with which the mathematical model of the
CGRC system was developed is documented in [1] (see Appendix Al). Here, we
present a summary of the procedure at the level of detail necessary for purposes of

continuity of thought.

The initial stage of the modeling process, the conceptualization of (1) which
processes within the system are to be addressed, (2) how they interact with one
another, (3) how the system interacts with the surroundings, and (4) how each
process is to be characterized mathematically/numerically is a purely abstract
process. To make each of these decisions tangibly available for the modeler’s
utility, as well as the equally important responsibility of communicating the details
of the model to others, preparing an adequately annotated list suffices effectively
for the first purpose, constructing a “modeling system” diagram is very useful for
the second and third purposes, and listing the “natural equations” of the system is

very effective for the fourth.

The behavior of any system is the resultant of the nature of the processes
contained by the system, their interaction, the conditions at the time the system is
set free, and the interaction of the the system with its surroundings. The use of
mathematical modeling to predict the behavior of the system in the context of
some question or questions requires (1) the recognition that these processes are in
action, that they interact with one another and the details of those interactions,
and that they interact with the surroundings and the details of those interactions,
and (2) committing this recognition to a prescription of mathematical operations

and parameter values. The intellectual process of accomplishing these actions is



called mathematical modeling.

In the course of generating a system representation, one synthesizes an
idealized conceptual system (the “modeling system”) of idealized processes
(“modeling processes”) which mimic the actual system’s physical processes to an
adequate degree. In this procedure, it is implicit that by contemplation of the
actual system, one must correctly infer how the idealized processes must be
arranged to interact so that the modeling system will emulate the actual system’s
behavior in the context of the problem being addressed to a degree of adequate
accuracy. In Appendix A.l the reader can find a set of facts and thoughts about the
CSSEDS which shape the contemplation. Logically, one first identifies the processes

and then establishes how they interact.

51- SUMMARY OF THE PHASES OF THE MODEL GENERATION
PROCEDURE

In the sequel, the description of the stages of the model generation
procedure will be found;

(1) List the physical processes which are to be represented by model processes

(2) Declare the interpretation of how the processes interact, sign conventions,
point identities and path identities. This is done via process interaction
diagrams Figures 4 and 5.

(3) Write the primitive equations; the mathematical model of each process in
terms of the point variables and path variables associated with that process
in Figures 4 and 5, and the compatibilitsr equations (those which express
constraints among the point and path variables). In this phase, the linearized

form of the equation is also developed.

10



(4) Solve the primitive equations for the nominal values of the variables at the
experimental operating condition.

(5) Write the linear primary equations. Take advantage of opportunities to
eliminate variables ad lib using some of the equations. The object of this
action is to reduce the number of equations which must be manipulated.

(6) Substitute nominal values into linearized equations to obtain equation forms
which have numerical coefficients. This form is characterized by the linear

equations:
Ayt = Agn + Ago + Agu + Agd (5.1.1)
and
Bioc = Byn+ Byu+ B,d (5.1.2)

The state variable format can then be determined, using, e.g., MATLAB

= AT YAy + A3BI 1By)z+ A N(Ay+ A3B 'By)u + A N(Ag+ A3B 1B,)d (5.1.3)
and
o = B }(B,z+ Byu+ B,d) (5.1.4)

(generalized inverse is implied) which is of the simple form

= Az+Bu +Cd (5.1.5)
and
oc=Dr48u +Fd (5.1.6)

(7) Analyze the state variable representation for the purpose of familiarization

11



with its dynamical properties and its controllability properties. There is a

great variety of choices of what might be done and it varies with the

application and the investigator. In the sequel, we present the results of:

1.

ook W

the Jordan canonical transformation
the Real Jordan transformation
eigenvalue assessment
controllability assessment, and

an elementary feedback control study.

5.2 - THE MODELING PROCESSES.

It was anticipated that the following physical processes would have to be

included in the modeling system in order for the representation to be useful:

(1). Fluid inertance in upper duct.

(2). Radiant energy flow from the light source into the upper shoot chamber

(source of PAR).

(3)
(4)
(5)
(6)
(7)
(7)
(8)
(

9)

Molar storage of N, in upper chamber.
Molar storage of O, in the upper chamber.

Molar storage of CO, in upper chamber.

. Molar storage of H,0 vapor in the upper chamber.
. O, flux from crop into the upper chamber air.

. CO, flux from the upper chamber air into the crop.
. H,0 flux from the crop into the upper chamber air.

Upper chamber gas state.

(10). Thermal energy of gas in upper chamber.

(11). Volume change of the upper chamber due to glove port activity.

12



(12). Heat exchange between walls of upper chamber and upper chamber air.
(13). Heat exchange between crop canopy and upper chamber air.
(14). Flow energy loss; airflow past plant platform.

(15). Molar storage of N, in lower chamber.
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Figure 4. The fluid flow modeling system. Only paths and points utilized in the model we
present here are indicated. The fluid and thermal modeling systems are not
isolated from each other. They exchange power.

(16). Molar storage of O, in the lower chamber.
(17). Molar storage of CO, in lower chamber.

(18). Molar storage of H,O in the lower chamber.

13



(19). Heat exchange between walls of lower chamber and lower chamber air.

nyshy3 =~ he2
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Figure 5. The thermal exchange modeling system. The thermal and fluid flow modeling
systems are not isolated from each other. They exchange power.

(20). Flow energy loss; exit from lower chamber.
(21). Flow energy loss; filter and lower valve.

(22). Extraction of excess oxygen; lower duct section.
(23). Fluid inertance; lower duct section.

(24). Flow energy loss; lower duct section.

(25). Energy conversion by the pump.

(26). Motor and pump rotor rotational inertia.

(27). Control moment on the motor armature.

(28). Motor and blower friction.

14




. Injection of CO, into the gas addition mixing section.

. Molar storage of N, in the gas addition mixing section.

. Molar storage of O, in the gas addition mixing section.

. Molar storage of CO, in the gas addition mixing section.

- Molar storage of H,0 in the gas addition mixing section.

. Thermal energy storage in the gas addition mixing section.

. Flow energy loss; condensing heat exchanger bypass control valve.
. Flow energy loss; condensing heat exchanger air side flow control valve.
. Liquid water precipitation; condensing heat exchanger

. Thermal energy exchange; condensing heat exchanger.

. Flow energy loss; duct from condensing to heating/cooling system.
. Flow energy loss; air heater flow control valve.

. Flow energy loss; air cooler flow control valve.

. Flow energy loss; air heater/air cooler bypass flow control valve.

. Thermal energy exchange; air cooler heat exchanger.

. Flow energy loss; heater flow control valve.

. Volume change of the shoot upper chamber due to glove port activity.

The entire CSSEDS is assumed to be adiabatic with respect to its

surroundings. All ducts are assumed to be of the same cross-sectional area for flow.

5.3 - THE MODELING SYSTEM

In the coherent process of generating a system representation, one

synthesizes an idealized conceptual system, the modeling system, of idealized
processes. In the contemplation of the actual system, one must correctly infer

which processes are at work and how the idealized processes must be arranged to

15



interact so that the modeling system will emulate the behavior of the actual system
in the context of the problem being addressed to a degree of adequate accuracy.
Logically, one first perceives the processes that are in action and then how they
interact. Figures 4 and 5 together display the results of this activity. In Figure 4,
the fluid flow processes and their interactions are declared and in Figure 5 the
thermal processes and their interactions are displayed. It is important to note that
they are not separate, they interact significantly. It is only for convenience in the

presentation that they are placed in different figures.

5.4 - THE PRIMITIVE EQUATIONS.

The modeling system provides a basis for ordering the equations and
labeling the variables of the model. First, for the matter exchange and storage
portion of the modeling system, and then for the thermal exchange and storage
portion of the system, we will list the primitive equations in the sequential order of
the point numbers and/or path number(s) to which they refer. Reference to Figures
4 and 5 should be made as needed. The choice of representation of the flow
processes via “compressible” or “incompressible” flow models is made based on the
process being described. In the present case, the pressure variations across the
modeled processes are rather small, and thus incompressible representations are

appropriate.

The procedure is the same for each of the processes. First, the process is
identified and then the modeling process equation which is needed is stated, first in
its typically standard form. In many cases, these expressions are nonlinear. Next,

supplementary equations are presented in order to demonstrate how relations

16



among the variables may be brought in to convert the expressions to relate only
the selected set of variables. After this is done, the individual expressions are
linearized about the prescribed operating condition. Then we move on to the next
process or conservation constraint. In some cases, a process which might very well
be included is stated, but because of the early phase nature of this study,
insufficient physical configuration definition has been domne, and it is judged that a
meaningful study can be conducted though it is not included. “Meaningful” is a
quality that is in the mind of the investigator; here we mean that we judge that a
majority of the knowledgeable persons in the field would agree that it was a
reasonable and understandable thing to do and that a worthwhile study could be

conducted without accounting for the process.

5.4.1 - SOME BASIC EQUATIONS.

Some frequently used models of commonly encountered physical processes

are listed for easy reference.

Ideal gas law: PV, =N; R T,

First law of thermodynamics for steady state, steady flow: &, -4, =Q+W

N.
Molar density: Py = —J
J
Molar flow rate: n; =V, p; A;

Total pressure loss model: ideal gas, steady, adiabatic, no-work flow: flow from

point 3 to point 1
(Pg + %Pm3 Va?) - (P+ %ﬁ’ml V1%) = APg,
4
n;= Y n;, k=1 = nitrogen, k=2 = oxygen, k=3 = carbon dioxide, and k = 4=
k=1

water vapor

Molar content of the i—‘ﬁ volume:
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4
Nj=Z N

Molar concentration: of the k** constituent in the #* volume:

5.4.2 - THE MATHEMATICAL MODEL OF THE INDIVIDUAL PHYSICAL
PROCESSES IN THE MODELING SYSTEM AND OF THE CONSERVATION
CONSTRAINTS

Fluid inertance of the air column in the upper duct system (path 1):

. 1000 g, A,
iy = MW,L,, ('35~ F3)
Ay = Ay

with linearization:

. 1000 g, A,

Rate of accumulation of the air constituents in the shoot upper chamber (point 1):

Using the relations

_Nik _
Ny g = N, ng, k =1,2,3,4

N N
36, k 36, k
= Ny, k=1,2,3;Dy ;= -
N36 14 1,k N36

Ny =0 + Iy

ny = Nyy — Dyg k=14
one obtains:

Nitrogen.

N1,1 =My~ N3,

N N
: 36,1 1,1
Npy=(n; + ) Ny "3 N,

with linearization:

18



N &N
: 36,1 36 1
6N, , = (én,; + én + (n; + nyg) —(n
1,1 (ény 18) N36 1 1) 7N, 1 7 =
N 6N N 4
1,1 1.1 1,1
- én - = +ny —5 2 6N
3N, 3 TNy 3 le = Lk
Oxygen.
Nl.z =1y,5 — g ghv] - ny o[resp] — n3 ,
Nl,z

36 2
Nl 2 = (n; + nyg) 6 - nz'z[hu] - n2,2[resp] - ng Nl

with linearization:
5N36 2

2 4
68 , = (6ny + dny) + (ny + nyg) - +myg) 57 L 8N36

2
— én = —-n >+ n, —= 6N — én
3 Nl 3 Nl 3 N12 = 1.k 2,2
Carbon dioxide.

Nl,a =03~ “2,3[7"/] - n2'3[resp] - ngz3

\ 3
Nj,3=(n +nyg) — ny 3[hv] — ny s[resp] — ny N,

with linearization:

N 6N N 4

: 36,3 36,3 36,3
6N, . = (ény + ényg) = + (n; + ngg) = —(ny +n . SN

1,3 1 18/ Nge 1 18/ "Nae (my 18) N362 kgl 36,k

N 6N N 4
1,3 1,3 1,3
- én -n 4+ ng —>5 2 6N, —én
3N 37N, 3 12 kgl 1.k 2,3

Water
Ny 4=n1,4 D3 4— N34

X 36,4
Njq=(n +158) | s M8 T M4l _N_

with linearization:

19



N 6N
. 36,4 36,4
6N1'4 = (6]11 <+ 6“18) N36 + (nl + “18) N36 - (nl + "l8)

N4 6N1.4 Nl,4 4

-— 6"3 Ni - n3 N} + n3 N_lz‘kglaNl,k - 6n2'4

Total molar content of the upper chamber air.

4
Ny= Y Ny,
s=1

with linearization:

6N, = i: 6N1'..

i=1

Energy accumulation in the shoot side upper chamber.

N3g

4

4
|2 k¥16N36.k - 6“18

N3g

. 4 ° 4 -° 4 ° .
E, =k§_:1 hy k= kz_jl ha x — Ez ho,x + (UA), (Ty — Ty) + (UA)( (T4 - T) - Py V;

where

(UA); =h A,

_ n, 0.5
he, = 11.30( 01py(R ;A7) )

(UA), =h, A,

2 Nuz=L1 kl
l]C4 — __r

— 1/3
Nu,_p, = 0332 Rele Pr)

p _CP]”I
l'l-—rl—
po MW, V. L
Rey, = o005 —
1 #
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Inserting equivalent thermodynamic properties;

(N1|l Cv 1 + NI,QCV 2 + NI,B Cvl’3'+'N1‘4 Cvl‘4) Tl =

11
(ny, cp35,1 +n , °p35'2 +n;3 °p35'3 +ny 4 cp35,4) (Tg5 — 273.15)

1'

_— ( n3,l cpl,l + n3'2 Cply2 + n3'3 Cp1'3 + n3,4 Cp1‘4) (Tl - 273.15)

— ny ,[hv] Py , (Tg — 273.15) — ny ,resp] py (T{ - 273.15)

’

]

- ny 3(hv] Py 4 (Ty - 273.15) — n, j(resp) Py 4 (Ty — 273.15)

= N,4py (T = 273.15) +h, 2LALA,, (Ty - Ty +h A, (Ty-Tp-PV,

Using
. 4
n, c = n C
1 "p3s El Lk "Pgs &
4
ng cpl = kz=:1n3'k Cpl,k

and linearizing gives:

( Nl,] Cv 1 + N1,2 (:Vl'2 + N1.3 Cv 3 + N1’4 Cv1'4) 6T1 =

1, 1,
n, cp356T35 + 6n, cp35(T35 — 273.15) — n,4 cp16T1 + 6éng cpl(T1 — 273.15)
= Dy o[W] e, 8Ty — ény 5[hu] ¢py , (Tg = 273.15)

= ny ,[resp] cpl'2 6T| — ény ,[resp] Cpl,z (T{ — 273.15)

= ma ol ¢p 6Ty = by o] ey (T - 273.15)

— ny j[resp] cp2'3 6Ty — én, s[resp] cpz’3 (T — 273.15)

= My.4 Cpy , 6Ty = bny g cp,  (Ty = 273.15)

+ hc2 2LAT A, (6Ty - 6T) + hC“A‘1 (6T4 - 6T))- Py 6\"1

Equation of state of the air in the shoot upper chamber.

with linearization

Airflow total pressure loss: from shoot upper chamber to shoot lower chamber

(path 3):
MW, V2 — K MW, .2
1000 g, 2 32000 p; A%g, °
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with linearization:
2 ng MW,

6P, — 6P = —————=—én
1 57 2000 p; AZg,
4 Nl k
MW, = 3 MW, o
k=1 ! 1
2n; MW,

a
K38 Ky—3 3
37 732000 py A5’ g,

Rate of accumulation of the air constituents in the shoot lower chamber (point 5):

Using the relations
N
5.k

s x = x— Ns k=1,2,34

Ng 5
and
Ng = Ng+1Nyq 2
one can obtain the following expressions for the accumulation of material in the

lower shoot growth chamber.

Nitrogen.

N5,1 =n3, — D05,

with linearization:

Nia 6Ny 4 Ny, & N5,

6N, . = én 4+ ng —g——n 6N, , — (bng + onyg 5) —
5.1 3‘N—1 3N, 3 le kgl 1,k 9 102 N,

5N5'1 N5 1 4
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Oxygen.
_. N _ . N5
12 3 Nl 5 N5

N5,2 =N3 .2 — Ny 4

N N
: 1,2 5,2
N5’2 = n3 _Nl - (ng + nlo'z) _N5

with linearization:

RS 1 SRS e S Mim — (bng + bnyg 4) 22
5,2 3 Nl 3 Nl 3 le = 1,k 9 10,2 N5

6N5 2 5

= (ng + nyq 5)

Carbon dioxide:

N Nl 3 N5,3
53 =13 N_1 — D Ng

N5,3 =Dh33—DNg3
N N
: 1,3 9,3
N5'3 = ng N_l - (ﬂ9 + nlo_z) _—N5
with linearization:
Nl 3 5N1 3 N1 3

N
' 5,3

ZéNl k (6n9 + 6“10 2) N5

( ) 24 ) 252 g
—(ng+n + (ng +n e
9 10,2 N5 9 10,2 st = Sk

Water.

N5,4 =Ng 4 — Dy 4
N1,4 N5,4

4T N TN

2.
o
I

N Ng

: 1,4
N5’4 = ns Nl e (ng + n10'2) N5

with linearization:

Nis N1 .4 Nigg N5 4

6N; , = én Z+n 2 —n zjaN (bng + nyg 5) =
5,4 3 N, 3 N, 3 Nl 1,k — (909 10,2 N,

¢SN54 N
= (ng + 159 5) ‘W + (ng + nyp, ) [z Z5N5 k
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The total molar content of the shoot side lower chamber is given by

4
Ng = ZNE),.'

s =1
with linearization:

8Ng = 24: 6Nj .

i=1

Energy accumulation in the shoot side lower chamber.

. 4 o 4 o
Eg=3 hygp— 3 hsi + (UA); (T7 = Tp)
k=1 k=1
!
(Ng , c‘,s‘1 +Ng, Cvs , + N5 5 Cvg 5 +Ng 4 cV5'4) Ty =
(m34 p; | +n3 5 py , +ny3 py 4 + n3 4 ‘p, ) (T - 273.15)

4
) (T — 273.15)

—(ngy Cpg , t M52 Spy , T 15,3 pg 4 + 05,4 Spg ,
+ UA; (T; - Tp)
Including the simplification
(ng + nyq,2) cp5 = ng 4 cps‘1 +ng , cp5‘2 + ng 3 cp5'3 + ng 4 Cp5'4
along with linearization gives:
(N5 yovg  +Ngpcvy , ¥ Nsacvy o+ N5, 5 ) 615 =
MW, = MW,

(UA); = h,_A;

2 NuI=L5 k5
T T
= 1/2 1/3
Nu:=L5 = 0-332 :R.e]'_‘.5 Pr5

pr MW, Vi L
Rer, = ——g00- 1003' S0
5 By

L5 = hchamber - (hcanopy + dPPFrej) = dp]
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with linearization:

Airflow total pressure loss: flow from lower chamber into discharge duct (path 5).
MWRT; |

P5 — Pg =Ks 5500 Py A2 'S

with linearization:

MWGRT; | , _ , ,
8Py — 6P =Kj 000 P, A7 ng éng (the incompressible flow model of this process is
employed)

Pe = Ps

Airflow total pressure loss: flow duct (path s between points 6 and 8); both

direction change (“bend”) and duct length. Both Ignored: Pg = Pg

Airflow total pressure loss: in expansion between points 8 and 9 (path s)

Ignored: (Pg = Pyg)

Airflow total pressure loss: HEPA filter (path )

Py — P, = K¢ n?

K 1s essentially a porous plug characteristic. Linearization gives

6Pg — 6Py =2Kg nséng

Airflow total pressure loss: from HEPA filter discharge through control valve 12
(path 7). Includes contraction loss in reentering duct upon exiting HEPA filter, the
fixed (wide open) loss of the valve, and the loss due to the valve element being
partially closed. A, is the control variable.

- 2
P11 —Pip=K; s

25



Ky= K3+ K;

4o KE MW, RT})

. KIMW;RT); A2
o 2 ( - _5)
2P118cAu A%

linearization gives:
6P, — 6P| =6 K} ns® + 2K} ngbns
MW,= MW,
All the pressure loss from point 5 to point 12 can be combined:
linearization gives:

§Pg — 6P19 = 2 (Ks +Kg + K;)(ng + 119,2)(éng + 6010,2) + (ng + Dyg,2)* 6K7

Oxygen extraction: at point 12.

hg = Ng — Nyg 2

Airflow total pressure loss: due to extraction of oxygen at point 12.

Ignored.

Airflow total pressure loss due to flow shear at duct wall: all the lower duct system

friction-induced pressure loss is lumped into one single section in this model (path
13 between points 12 and 13).

- 2
Pio—Pj3 =Ky Dg
T Ds

AS

L 1 MW
K, = (.0735 8)(R 5(———3
s = ( X )] eLs) (2000 PsAsz)
Ng =Ng = N7 = Ng + Nyg 9
_ g MW; Vg Ly

Rep,. = 1000 s
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Ve =
87 pg Ag
Pg = Pg
MW, = 3 MW Vs _ gy, M2
8 = 7.k N5 7,2 Tg
n9 = ns

linearization gives:

1000 g, Ag

ng = MW, Ly (P13 —Ppy
Ag = AB

L9 = L8

MW, = MW,

linearization gives:

1000 g, A

bo = MW, T, (P13~ P10

Air Mover and Drive Motor Subsystem (AM&DMS).

It was concluded that it was desirable for the model of the AM&DMS to
reflect the addition of power to the fluid-thermodynamic systems and the rotational
dynamics of the rotor components. To accomplish this, the relations among
pressure rise, torque, rotational speed, molar flow rate, power transfer, and the

rotational dynamics equations must be generated.

The Fan Equations.

An option to using First Principles in the modeling of the air mover

characteristics is the use of the empirical fan equations which are implicit in the
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conventional fan curves so common in industry;

P16 — P15 = ffan (w3 n12)
linearization gives:

M fan (W37, N12) o+ O san (w37, Do) o
Owsq 37 dn,, 12

this is a steady flow relation, and approximations of the partial derivatives can be
taken directly from fan curves.

Power Conversion (mechanical rotational power to fluid power):

With perfect power conversion, the mechanical rotational power supplied to
the fluid via the air mover impeller would be converted to fluid power. Since the
process is not, perfect, the overall efficiency is used to describe the actual situation:
Mechanical power in (delivered to blower rotor) x efficiency = increase in fluid
power out

n
w3y Ta6 Mo = ( P1g — Py5) ﬁi‘
assuming constant density, linearization gives:
én n
war 8736 Mo + buzz T3 M, = ( P1g = P1g) = + ( 6Pyg = 6Py5) 3
Air Temperature Rise Due to Air Mover.

The temperature rise associated with the passage of the air through the air
mover is the sum of that due to the isentropic pressure rise:

Tye = Dyy crg Tix = ( Pyg — Pys) pi2
D12 Cp12 116 ~ M2 %p12 2157 1116 7 715/ Py
and that due to the overall inefficiency of the air mover:

N3 €p12 T1g = Paz Cp12 Ty5 = (1= Mo)ws7 Ta6
Linearization of each (assuming constant density) gives:

— 1
cprz 8T 15 = <5 6T15= (8P16 — 8P 15) 57
and

Cp12 6T16 - 6T15 = (1—-1n,)6ws; T36 +(1 — No)wzy 6734
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Ny, = Ny

Combined pump and motor rotor dynamics.

Drive motor rotor and pump rotor:
(Jimpetter + Jmotor) @37 + biwgy + bywi; = 7, — 756
linearization gives:
Jimpeiter + Jmotor) 6da7 + (b1+2 bywgr)busy = 61, — 6734

The Gas Injection and Mixing Chamber

The gas injection and mixing chamber is modeled to serve two purposes:
account for the injection of carbon dioxide, oxygen, water vapor, and nitrogen
content into the flowstream, and to reflect the effects of the volume of the ducting

and fittings in that area on the overall system dynamics.

Airflow total pressure loss: into gas injection and mixing chamber.
K13MW13RT16(1 _ A_§3 .
2 2
2P 8.AT Al

- 2
P16 —P3p =

this pressure loss is ignored

Rate of accumulation of the air constituents in the gas injection and mixing

chamber (point 36):

In the following, the equations of like level are grouped. Previously all
equations addressing the same constituent were grouped.
I(136,1 =Dy3,1 + My7,17 Mg
N3g 2 = D132 + Mz = Ny 2
Ngg,3 = M13,3 + Di7,3~ D14 3

N3g 4 = M13,4 + D74~ Dyq 4
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N N
5,k 5,k
M13,k = N, (ng + myg 2)y £ =134 434 = Ng (ng + nyg 2) — Mg, k=2

N N
36,k 36,k
Miak = Nge (n14)= Nag (ny+ nyg), k =1,2,3,4

N N
: 5,1 36.1
N3g,1 = (89 + Bio,2) - + Mz~ (Mt Mig) N

. _ N5,2 N3s,2
N3g,, = (ng + nyg,2) Ny Nyg 2t My7,2 — (1 + Nyg) Nyg

N N
: 5,3 36,3
N3g,3 = (B9 + mo,2) |, + Miza™ (MF Me) o

N N
: 5,4 36,4
N3g,4 = (ng + Rio0,2) N + DNy7, 4~ (03+ nyg) Nag
linearization gives:
5N —- N5.1 6N5.1 N5,1 4
N3g,1 = (bng + bnyg,5) w t (ng + mi0,2) N~ ~ (ng + nyp,5) —N—s'z'kz_:l‘mf;,k
N 6N N 4
36,1 36,1 36,1
+ ényq7 31— (6ny+ bnyg) N—N__% = (n;+ nyg) ?Ig? + (ny+ nyg) Nﬂg2 k§16N36"‘
X 5,2 5,2 2
8N3g,5 = (fng + &m0, 5) Ng + (ng + nyg,2) P (ng + ny9,2) F;[:;]&N&k
N &N 4
36,2 36,2 36,2
—611 +6n —(6n+6n ) L -(n+n )____’+(n+n ) ) Z‘SN
10,2 17,2 1 18 N36 1 18 N36 1 18 N362 = 36.k
N oN N 4
\ 53 5,3 5,3
6N36,5 = (ng + nyo,2) N + (ng + ny0,7) Ny (ng + nyq,2) _N5_2 kz_:l&NS,k

36,3 N33 N36.3

N 4
+ én — (én,+ én —(n;4+n + (n,+n _ 6N
17,3 (én, 18) —NEG_ (ny+ nyg) Nag (ny+ nyg) N362 kz=:1 36,k

3 N5.4 6N5'4 N5.4 4
6N3g,q = (b + &nyg,) |~ + (9 + Mo2) N~ (e ¥ B10,2) N7 2N

N36,4 N 4
+6ny7 4= (6ny+ 6nyg) Nag (ny+ nyg) Nag + (ny+ nyg) Ngg” z=:6N36 ¢

30



Energy balance in the gas injection and mixing chamber
. 4 4 4
Ege =3 hax+ 2 hre— 2 Mg
k=1 k=1 E=1
!

(N3g,1 cvag | + N36,3 Cvag , + N36,3 <vag 5 + Nag,4 Svgq ) T36 =

(ng cpm‘1 + ng 2 Cp16.2 + ng 3 cpm’3 + ng 4 cp16'4) (T — 273.15)
+( N7 cpw’1 + ny7.2 cp”'2 +ny73 cp”'3 +ny7.4 cp”"‘) (Ty7 — 273.15)

— Ny cp36,1 + nyy,2 Cp36,2 + g3 cps&3 + D544 cp36’4) (T36 — 273.15)

= n c +n c +n c
Mo pig = Mo.1g, T M9.2pyg , 19,3 %pyg 5t P94 g,
M4 pys = M4l %pgg s F M2 Pyg p F M43 pyg o M4 Py

linearization gives:

(N6, Svag | + N36,2 Svag , + N36,3 Cvag o + N36.4 Svgg ) ¥T36 =
éng pyg (T — 273.15) + ng P16 6T 16

+ (ény7 pir1 + ény7 o 17,2 + ény7 3 pir.3 + 6ny7 4 cp17'4) (T,7 — 273.15)

+(n c Nyy o€ n c Ny 4 € 6T
(M7 ¢p, ¥ P72y, , + M17,3 Sy 3+ Mza pyy ) Tar

= (8ny+ ényg) ¢, (Tgg — 273.15) — (ny+ nyg) cp, 6Tge

P36 P36
Equation of state for the gas injection and mixing chamber.

P36 V36 = N3g R Tsg
6P3 Vag = (émss,k) R T35 + N3g R 6T36
Airflow total pressure loss: exiting from the gas injection and mixing chamber.
(GIMC).
MW 3R T3¢

_ 1
P3s — Py =K, 2000 Pgq Al4u2 ( Arag

A 2
14u 2
73— 1) ny4

where
A,,, 1s the flow area at the upstream end of flow path 14
A,4q 1s the flow area at the downstream end of flow path 14
MW3e=3 p36. ; Cp, it the molecular weight of the gas in the GIMC

this pressure loss is ignored
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Water Vapor Removal System

The water removal system must route the necessary fraction of the total
flow through the condensing heat exchanger so that the evapo-transpiration water
is removed. It is presumed that the temperature of the air exiting the condensing
heat exchanger is fixed (e.g., by the use of feedback control) at a prescribed level,

and is saturated at that temperature.

By-Pass Fraction Determination

The by-pass fraction is the fraction of the total flow through the water vapor

removal system which is diverted around the heat exchanger

There are three equivalent, relevant, and related relationships among specific
humidity, concentration, and partial pressure,
3

(1) SHy, = N36’4/~ZIN36"" (2) SHyy = Ccyy,4/(1 = Ceyy, 4), and
(3) Ceyq,4= (parti'aT pressure of the water vapor at 36)/Pq¢
The water removed by the heat exchanger can be expressed in terms of the total
air side flow by
nyg = (SHgg — SHoy)(1 — SHyg) nyg
and linearization gives:
60, = (8Hgg — 6SHy))(1 = SHyg) nys — (SHyg — SHy))SHgg nys

+ (SHgq — SHy)(1 — SHgg) bnys
ny5 = (1-X14) My4

linearization gives
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bnyg = —6x14 nyg+ (1= xp4) 60y

The nominal value of x,, is established by setting n,g to equal n, 4 to determine the
nominal value of n,5, and then solving for x,,. The requirement of matter
conservation in the flow split establishes that

N5 + Njg =Ny =Ry + Dyg

which with linearization gives:

ony¢ + ényg = 6n, + én,g

Airflow total pressure loss: through control valve 21 (heat exchanger by-pass)

Pig=Py7
Pig=Pyy

as is pressure loss in the by-pass up to the control valve.

Pog =Py

K20MW36RT36{1 )
5 T3 20
2 P20 8:A%20 Ao

Pog—Po3 =

2
Pgg — Pag = Koo Digo

20 — i
2 Py B-A2%0 Ao
Mw20 = MW36

linearization gives:
6P20 - 6P23 =2 n20 K20 6n20 + n202 6K20

Dg; = Rgg

Airflow total pressure loss: through control valve 22 and dehumidifying heat
exchanger.
Control valve in water removal system heat exchanger path duct:

2
Pa1 —Poo =Ky 0y
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L K gMWgRTag - Al
Klg - 2 \1 -2 )
2Py g8.Auie Ao

linearization gives:
6])21 - 6P22 - 6K19 nzlz + 2K19 112161121
For the heat exchanger:
2
P1g — P9y = K15 Do
For preliminary work, one can estimate K,; via Reynolds’ analogy or simply budget
a reasonable pressure loss. Linearization gives:
6P19 - 6P21 = 2K15 n196n19
These two pressure loss expressions can be combined:
6Pyg — bPgy = ny26Kyg +2(Kys5 + Kig) Do 8019

MW;, = MW, = MW,,

N3g,
N3g

n
- MW , 8
4 My

4

MW22 = kz—:leBG'k
D2z = Dy5 — Dyg
Energy balance: condensing heat exchanger. (reference is liquid water at triple
point)

nys ¢, 36736 — P22 €5, 21T21 ~Pashzg =0

linearization gives:

6[115 CP, 36T36 “+ n15 Cp, 366T36 -— 61122 Cp’21T21 - n22 pr216T21 - 61’118 h38 + n]s 6h38 =0
Energy balance: recombination of flow streams of the water vapor removal system.

ny epy, (Tag = 273.15) = ngy €p,q (To3 = 273.15) + By cp,, (Top — 273.15)

4
n =
1%poy kz._.:l"l"‘ “Po4, i

M-

D21 Cpgg = "2k o3

-
1

1

M-

22 Opyy = 222k Pog

»~
1l

1

=

Ny, =Ny =03 —Nyg 2 ~ M5

“Po3 = “P3p
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‘Pog = Py1

“Pag = °P3g = “pyy
To3 = Tyg
Tog =Ty

linearization gives:

n; “poy 6Tg4 + 6n, “Poy (Toy ~ 273.15) = (n; — Nyg,2 — Nys) “Psg 6T3¢

+ (6ny — ény 5 — 6nyy) “pgg (T3g ~ 273.15) + (én;5 — 6nyg) Py (Tg; — 273.15)
ny 6Toy + 6ny (Toy — 273.15) = (n; — No,2 — Mys) 6Tgg

+ (6ny ~ ény 5, — 6nyy) (Tgg — 273.15) + (én,; — ényg) (Ty; — 273.15)

Airflow total pressure loss: combining flows of water removal system paths

(1) heat exchanger bypass path (path 16)

Kj1 - 23 MW3,RTg Ny3 s Ny g ny,? ny,?
29 [a (= ) a (1= )—3(A

This pressure loss is ignored.

Py, — Poy =
24 23 23 A21) (A22 A23

(2) heat exchanger path (path 15)

MW2Z RT 2
23 22 n n n n
21 [ (2 23)2 - a, (A2222)2 — a4 (A232;:A22) - a, (A2223§23)]

This pressure loss is ignored.

Airflow total pressure loss: duct between water removal subsystem and air

temperature manipulation subsystem (path 23).
Pag = Pg5 = Kpg ngy’

i 7D,. L -1 MW
Koy = (0785)(—L =) (Rey, )7 2

237 2000 p23A232)

Re. = P23 MWy3 V3 Loy vo. — D23
Ly = 1000 55 TR T ppa Ay
Nz =1

linearization gives
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The Airflow Cooling/Heating System

The airflow cooling/heating system (AC/HS) must route the necessary
fraction of the total flow through either the cooling heat exchanger or the heating
heat exchanger so that the temperature of the flowstream exiting the AC/HS is at
the required level. It is presumed that the temperature of the air exiting the active
heat exchanger is fixed (e.g., by the use of feedback control) at a prescribed level,
and no condensation occurs.

By-Pass Fraction Determination

For the present demonstration, the by-pass fraction is the fraction of the

total flow which is diverted around the cooling heat exchanger

An Ny3 —Tgg
X23 = oL

f‘% T Thg

N25 = X23 P23

linearization gives:

8ngs = 6X23 Da3 + X23 6023

The nominal value of x,; is established by performing a thermal energy balance
analysis so that the required nominal discharge temperature at 35 is achieved, as is
explained in the following.

Matter conservation across the flow split requires that

Ngg + Ngg = N3

and linearization (in this case, a redundant operation) gives:

8nyy5 + dnge = ényg

ny =np3

Energy balance at recombination of ai flow streams from airflow cooling system.
n, Cp35 (T35 - 273.15) =Ny Cp33 (T33 - 273-15) + Ng9 Cp34 (T34 - 273.15)
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where

4

n, ¢ = n c
1 "P3s El L.k "P35 &

4
Naq, C = n
31 pgg = 1031k Spgq

4

Nq, C = n c

N3} = Nag
N3y = Nyy
P33 = “Poy
‘P34 = “Pog
Tg3 =Ty
T34 =Ty

along with linearization, gives:

Dy Cpge 8T3z + ény “pgs (T35 — 273.15) = nyg poy 6To4 + bnyg Pog (To4 — 273.15)
+ (ény = bnyg) cp, g (Tog — 273.15)

or, since

P35 T “Pog = “Pyg
n 8Tgs + ény (Tgg ~ 273.15) = ngg 8Ty, + Snyg (Toy — 273.15)

+ (6n; — ényg) (Toq — 273.15)
MW,s = MW,, = MW,
Pag = Pgs
P34 ="Psy
One may establish the nominal value of x,; for the scenario demonstrated in
this study through simultaneous solution of the two equations
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and

D2s = X23 D23

to satisfy the requirement for Tgg

Airflow total pressure loss: air entering each of the three airflow temperature
manipulation subsystem ducts;

(1) heating heat exchanger path (path 24).
Kg3_ 24 MW33 RTyg
Pos
This pressure loss is ignored .

[ a, (“24 )2 X ) )2 ay (L2028 NayNog 240123 )

Pyg — Pog = (A Ay A

(2) bypass path (path 25)
Ky _ 25 MW33 RTog
Pas

This pressure loss is ignored.

n n Nye
P — Pon = 25 a (M23y2 _, (H2sfzs
25 ~ P27 [0 G2 -2 (5 )" — 2 (1)

(3) cooling heat exchanger path (path 26)

p P Ka3_ 26 MW33 RTog
25 — 28 = P25

Airflow total pressure loss: air flowing in each of the three airflow temperature

Noghag

(21 G227 — o 2 - 2 (T27)]

manipulation subsystem ducts;

(1) heating heat exchanger path (path 24).
K,y MW3; RTo5 (P42
Pag Azq

This pressure loss is ignored.

Pog — P31 =

(2) bypass path (path 25)
41, L, MW3RT
P - P - 25 25 25 25 2
27 30 D25 9 P27 A252 Ny

This pressure loss is ignored.

(3) cooling heat exchanger path (path 26).
Ky MW3; RTo
Pog

linearization gives

(528)2

Pog — Pog =

6P28 - 6P29 = K26 6n26

this pressure loss is combined with the fixed part of the control valve pressure loss.

38



Airflow total pressure loss: control valves in the air temperature manipulation

system
(1) heating heat exchanger path and control valve (path 29).

heat exchanger; use Reynolds’ analogy or budget a reasonable pressure loss
K,, MW,, RT26
2
2 P26 gCA24
linearization gives:

2 2
Pog—Pg; = Nyg” = Kyg Dyg

control valve:
_ Kgg MWy, RTy,

2
A2,
P31 =Py = (1-—5%)

2 2
2 P31 8:Av20 AZ
linearization gives:

2 _ 2
Nyg” = Kpg Nogg

8Pg) — 6Pgy = 6Ky Digg® + 2K,g Nyg 8Nyg
This pressure loss was not relevant to the scenario demonstrated in this study.
(2) bypass path (path 28).

control valve;
K, MWy; RTy;

2
A
(1- "228) Dyg”

Pog — Poq =
30 33 2
2 P30 gAys 28

2
P30~ P33 = Kag Dz
linearization gives
6})30 - 6P33 = 6K28 n282 + 2K28 n28 61:128
(3) cooling heat exchanger and control valve (path 27).
heat exchanger: use Reynolds’ analogy or budget a reasonable pressure loss,
Pog — Pag = K noe”
linearization gives
6P28 d 6P29 = 2K26 n26 61’126

control valve:
Kp7 MW,3 RTy,

A2,
Pog—Pgy = (1-=5") nyr

2
2 P29 8Av27 27
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Pyg—Pgq = Kyr D7’

linearization gives:

§Pyg — 6P3y = 6Kyy gy’ +2 Kyy Dprbhyy

N7 = N2e

Airflow total pressure loss: recombination of air temperature manipulation
subsystem flow (into path 1).

(1) heating heat exchanger path (path 30)
K, _ 33 MWIRT 35
Pgg
This pressure loss is ignored.

[a “28)2

2
- = _ N22
P3p — P35 = (A ) e (A2 A % (&, Ay

(2) bypass path (path 31)

Ky _ 23 MW3,RTy,
Pao

This pressure loss is ignored.

2
)_8'3( Y]

n n
[ a4 (_A_zg)z - ( 222 A22 A23)]

Ngo
=) —a
Azz) 3 (Azs Ag

Py — Pgg =

(3) cooling heat exchanger path (path 32)
Ky _ 25 MW33 RTgs
Pos

This pressure loss is ignored.

Ngs .2 No3.2 Nashog
[a ( 2) ) ay (75—

Pgy - Pg5 = (A A25 Ags

MW, = MW,

ny =Ng7 + Ngg

P3p = Pas

P33 = P35

The heating heat exchanger control valve is fully closed in the scenario for which
this study is done. The overall pressure loss for the airflow heating/cooling
subsystem can be expressed in terms of either of the two active paths (25-28-31 or 26-
27-32):

8Pgg — 6Pgp =2 (n; — ngq) Kog (6n; — éng7) + (n; — Dg7)” 6Kog

6P25 - 6P35 =2 (K26 + K27) N,y 61127 + 6K27 n272
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Airflow total pressure loss from inside the discharge end of the flow duct (path 1)

into the shoot upper chamber:
MW, ’RT, A3

P,—-P, =K 1-—32n
3 1 1 2 2 1
P3 A3 Al
linearization gives:
MW_2RT A? MW.2RT A?
6P3 ~ 6P| = 2K, ——3[1 - 3 non, K, — 1 31— 3 |n %P,
3 A3 A P3 A3 Af

This pressure loss is ignored.

Recognizing the effect of glove port activity on upper chamber volume
completes the inventory of relevant processes:

6V1 = Vg

5.5 - THE MODELED SCENARIO

The control study is directed to a plausible research experimental condition.
The defining parameters of this experiment are:
(1). Temperature of the air exiting the upper chamber, T,: 20 C.
(2). Relative humidity of the air exiting the upper chamber, RH;: 70%.
(3). Absolute pressure of the air in the upper chamber, P,: 101,458 Pa.
(4). Temperature of the upper chamber wall, T,: 22 C.
(5). Source of PAR: on.
(6). Leaf area index: 30.
(7). Energy radiated from lamps which enters the CGC: 6000 Watts.
(8). Canopy absorbs all incident radiation.
(9). One-sixth of the absorbed energy evaporates transpiration water

(10). Five-sixths of the absorbed energy heats the air flowing through the CGC.

The system performance and physical configuration requirements, the
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parameters of the prescribed experiment, along with enough bridging assumptions,
when substituted into the modeling equations, generate the nominal values of each

of the flow variables and point variables of the CSSEDS model.

Solving the above nonlinear equations for the equilibrium values of the
system variables provides one with the values of all the variables which can be used
in the linearized equations to determine the dynamical properties of the system for
values of the system variables in the neighborhood of those of the experimental

scenario.

56 - NOMINAL VALUES OF THE POINT VARIABLES AND THE FLOW
VARIABLES

A, = 2.0 m?, A= 0.1297 m? A; = 0.64 m’, A, = 7.791 m?, A= 0.1297 m?
A, = 6.2402 m?

bl = 0.0 Newton-meters/radian per second,

b,= 0.0013 Newton-meters/(radian per second)?,

(cp1 1),,0,,, = 29.1531 Joules mol~! K, (cp1 2),,0,,, = 29.4908 Joules mol™! K™!
(cp. nom = 37.0476 Joules mol™* K7, (Cp. Inom = 33.7301 Joules mol™ K~
P13 P14

The above values are also used for these properties at points 2, 17, and 36.

(cpl)m,,,I = 29.14 Joules mol™! K™!
The above value is used for this property at points 5, 12, 16, 17, 21, 24, 35, and 36.

(Cvl 1),.0,,. = 20.8387 Joules mol™! K1, (cvl 2)"°"' = 91.2055 Joules mol~! K!
(cvl'a)""‘ = 28.7333 Joules mol™! K7, (CV1,4)nom — 95 4158 Joules mol~! K
The above values are also used for these propertie's at points 5 and 36.

d,;=0.12439 m

D, = 0.4064 m
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) 0 ,
___3,/(;37 ) =40.6 Pa/(radian per second), M = 1.792 Pa/(mole per second),
w37 Ong
hchamber =0.7576 m

thmOPU + dPPFrc] = hchamber

(he Jnom = 34.577 watts m~2 K™, (heJnom = 4239 watts m~2 K1
(hc7)nom = 7.3196 watts m~? K~!
Jimpeller = 4:468 kg m?, 3, otor = 1.328 kg m?

(Kp)nom = 0.0263 watts m~! K~

Kﬁ“er =.09555 n m"2mole"2sec2, K;=1.0n m—2mole'2sec2,

K¢ = 1.0 n m™2mole~2sec?, Kg = Kyijger = 09535 n m~?mole%sec?
K70 =0.00016 n m™2mole~2sec?, K—,l = 0.055332 n m~2mole ™ %sec?

Kg = 0.002031 n m~*mole~%sec?

K5 = 68.4 n m~2mole ™ sec? Ky = Kyg = 158.8 n m ™ 2mole ™~ 2sec?
Ky, =114.0n m~?mole%sec? K;3 = 158.8 n m~?moleZsec?

K,s = 0.0 n m~?mole~%sec? Ky = 0.1362 n m~?mole~%sec®

K,g = 1.215 n m~%mole ™ %sec? K,g =1215n m~2moleZsec?

LAI = 30 (unitless)

L,=38m Lg =.2544 m Lg =3.85m Ly3 =3.86m
(MW,) o= (MW3c) . = 28.9700 g/mol, (MW3),.0. = 28.8277 g/mol,
(MWpg),.om = 28.8277 gm mole™! (MWg),om = (MWg), ... = 28.8277 gm mole™!
(MW )pom = 28.8277 gm mole™! (MWg) o = 28.8277 gm mole™!

(n, cp35)"om = (n,y °P1)"°'" = (102.26)(29.67) = 3034.448 Watts K™!
(n1)nom = 102.2369 moles sec”, (01, 1) nom = 75.944 moles sec™
(01, 2)nom = 24.54225 moles sec”!, (N, 3}nom = 0.122844 moles sec”!

(0}, g)nom = 1.6278 moles sec”!,

1

(nz,zlfﬂpl)nom = 0.0 moles sec™?,

(N3 Dnom = (0g 2lA])pom = —0.00014699 moles sec™,
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(n2,3[hu])nom =0.0 mOlés sec_l’

(nz'slfelp])"om = (n2'3)nom = 0.00013542 moles sec-l,

(72, pom = — 0.022236 moles sec™’
= 102.1592 moles sec™!

= (102.26)(29.67) = 3034.448 Watts K-!

(n3)nom

(n3 cpl)nom

(3, 1)nom = (N1,1)nom = 75-944 moles sec™", (03, 2)nom = 24.5420 moles sec™!,
(n3,3)nom = 0-122712 moles sec”!, (03, )nom = 1.6505 moles sec”!

(0)nom = (N3)nom = 102.1592 moles sec™!, (1) nom = (M3)nom = 102.1592 moles sec”!
(ng) nom = 102.1591 moles sec™! (ng) nom = 102.1591 moles sec™?
(n10,2)nom = 0-00014699 moles sec™?

(0140)nom = (11 + D1g)nom = 102.2595 moles sec™!  (Dyg)nom = 2-0861 moles sec™!

(016)nom = (M20)nom = (121)nom= 100.195636 moles sec”!

= 0.0 moles sec™! (n17,2)nom = 0-0 moles sec™

= 0.00013542 moles sec™!

1

(nl‘f,l)nom
(n17,3)nom (017'4)"0"' = 0.0 moles sec"l
1

(n19)nom = (M18)nom = 2.0861 moles sec™

= (N3, 4)nom = 0.022236 moles sec™
=100.195636 moles sec”!
= 2.063864 moles sec™!

(nls)nom = !

(n21)nom = (n14)nom - (n22)nom

(n22)nom = (nIS)nom - (nIS)nom

= 76.64 moles sec™’ (Dg8) o = 25-5969 moles sec™!

= 2.063864 moles sec™!

(n26)nom = (n27) nom

(n22)nom = (n15)nom - (nls)nom

= -1
(Ny, Vi, + Ny, vy, +Njs 14 + Ny, cle)"om = 1778.2525 Joules sec

(N nom = 83.2528 moles,

Nid o 74966 unitl Nia2 .

( Nl—)nom = .74266 unitless, (-Nl—)'w"‘ = .24 unitless,
Nisy  _ 001200 unitl Nia .
(7 | Jnom = 1200 unitless, (-NT)MM = .01614 unitless,

(Ng)nom = 28.3055 moles,

N
5,1 5,1 3.1 .
(—Ng_)"o"' = ('Ts—)nom = ('n_3_)nom = 0.74266 unitless,

5.2 5,2 N3 2 .
(-N;)nam = (1) nom = (75 Inom = 0-239936 unitless,



N5.3 _ /P53
(N_s)nom = (—Tls—

N
5,4 N5 4 3,4
(W)nom = (—115_)nom = (n_s)nom

(N36)nom = 41.622 moles,

N

36,1 .
(N_36)"0m = .742663 unitless,
N

36,3 .
(55,0 = 0012013 unitless,

N36 nom

Nu:_L = 35.4046 unitless,
=5

(P{)nom = 101,458 Pa,
(P = Pg)om = 8.84 Pa,

(P5 — Pg)pom = 214.765 Pa

(Pg)nom = 101,234 Pa,

(P10)nom = 100,235 Pa,

(P11 = P19)nom = 599.5 Pa,

(P12 — P13)pom = 212 Pa

(Pl3 = Pinom =0

( P14 - Plﬁ)nom = -~ 3850 Pa

(P17 nom = 103,272 Pa

(P95 )nom = 102,260 Pa

(P3gInom = (P17)nom = 103,272.1 Pa
(Pr))pom = 0.707 unitless,

R=8.31441 Joules mole " 1K ~!
(ReLl)nom = 42,600 unitless
(Rep, )nom = 4413 x 10° unitless
SH,, = 0.008595,

(TP nom = 293.15 K

(T3)pom = 291.4179 K
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N3 3 .
)nom = (n_3)nom = 0.0012 unitless,

= 0.01614 unitless,

N
36,2 .
() = .239987 unitless,
N36 nom
N
36,4 .
(N_sﬁ)"o'" = .0161401 unitless,

(P3)nom = 101,458 Pa
(Pg)nom = 101,449 Pa
(Pg)nom = 101,234 Pa
(Pg = P1p)nom = 999.2 Pa
(P11)nom = 100,235 Pa
(P19)nom = 99635 Pa
(P13)nom = 99,423 Pa
(P14)nom = 99,423 Pa
(P3g)nom = 103,272 Pa
(Pog)nom = 102,472 Pa
(P35)nom = 101,458 Pa

(Prg)pom = 0.707 unitless
(R°L5)nom = 14,329 unitless
SHz = 0.016405

(T9)nom = 295.15 K
(Tg)nom = 293.173 K



(T17)nom = (T36)nom = (Tlﬁ)nom = 298.1 K (T21)nom = 278-2 K

(T24)nom =2948 K (T25)nom = (T24)nom =92948 K
(T27)nom = (T28)nom =294.8 K (T29)nom = 288.85 K
(T3p)nom = 2949 K (Tg5)nom = 291-4179 K

(T36)ﬂ0m= 298.1 K

(UA)4 nom = 33.03 watts K™ (UA); nom = 4149.24 watts K™
(UA); o = 45.676 watts K™

V,=20m° Vg =0.68 m* Vg =2 Ay Ly; = 99869 m’

(KD nom = 0.00001983 kg m™" sec™ (H5) nom = 0-00001983 kg m™" sec™!
7, = .6 (P)nom = 41.63 mol m™3

(P5)nom = 41.62 moles m™3 (W37)nom = 189 rad sec”!

(X14) nom = 0.0204 (unitless) (Xa3)mom = -6134 (unitless)

5.7 - THE CONDENSED PRIMITIVE EQUATIONS

To express the system of equations in the format of Equations (1) and (2),

we assign 1,0,u, d elements to the perturbed variables, §(-) as is shown in Table 1;
As an aid to the reader, the inverse assignments are listed in Table 2.

The result of using these assignments and inserting the nominal numerical
values into the linearized equations is:

iy = 1.279 ¢, - 1.279 0, (5.7.1)

i1, = 0.7427n, — 0.31637, + 0.912753 + 0.9127n + 0.9127n + 0.63307,3 — 1.82617; , — 1.8267,5 — 1.
8261, — 0.742704 +0.74270,, (5.7.2)

i3 = 0.24n, +0.2949n, — 0.934155 +0.29497, +0.294975 — 0.5901n;3 + 1.896n; , — 0.59017;
—0.59017, — 0.2404 + 0.240, — d, (5.7.3)

iy = 0.001201n, + 0.0014757, + 0.001475n; — 1.228n + 0.00147575 — 0.002953n, 5 + 0.002953n,
+2.456m, 5 — 0.59011, ¢ — 0.001205 + 0.00120, +d, (5.7.4)
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Table 1. Assignment of the Primitive (Perturbation) Variables to the Fundamental Variables
6K, =u,, 6Ky =ug, 6Ky =ug, 8Ky =1y, SKyy=uy,, én; =7,
bngo=d;, dmp3=d,, ény,=d;  Sny =y, éng =1y,  dnyg 2 =y,
énys =043,  fNy73 =y, dnyzp=us, 07 3=, g7, =Uy, Sngg oy,
bnyy =019, ENj, =1y,  ENp, =y, 6Ny3=ngp O8Ny =15 ONg, =1
Nsp=ns SN53=mg N5 =mo ONgg,=mg SNggo =M Nygy=ms
6N36,4 = e OPy =0y, 6Pg = o5, 6P1g =04,  6Pj3=0g 6P, =0y,
6Pgs = 04, 6Pgr =016, 6Pgr =0y, 6Pge =0y, 6T) =g, §To = d,,
6Ty=d;,  8Ty=ny, 6T;=dg,  6Tig2 0y Tey =045 8Tge =0
§Tag=my7 Tgg=ds, Sryg=oyy bryp=uy, Vo =dy, 6V, =49,
6u37 = 8

715 = 0.0161n, + 0.01978n, + 0.019787, + 0.19781, — 1.209n5 — 0.03958n, ; — 0.039587, ,

—0.039587, 5 + 2.5097, — 0.01610; — 0.98390, + d, (5.7.5)
1731.0)g = 540.12n; — 7121.0n5 — 583.405 + 29810 — 648.8d, — 741d, — 742.4d, + 4080.0d,
+60.0d; — 133.3d, (5.7.6)
2.00, = 2437.0n, + 2437.0n; + 2437.07,, + 2437015 + 692.1.07; — 101,460.08n, (5.7.7)
o, — 086880, — oy =0 (5.7.8)
fl7 = 0.31637, — 0.9127n; — 0.9127n, — 0.91279; — 0.937, + 2.684n, + 2.6841 + 2.684n,,
—0.7427n,, + 0.74270 5 — 0.7427u, (5.7.9)

flg = —0.2949n; + 0.9341n; — 0.2949n, ~ 0.2949n + 0.86737, — 2.747ng + 0.8673n, + 0.8673n,,

flg = —0.001475n, — 0.001475n + 1.228n, — 0.00147579, + 0.0043247,, + 0.004324ng — 3.6107,
+0.0043247, ¢ ~ 000127, , + 0.00120; — 0.0012u, (5.7.11)
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Mo =
— 3.5561,0— 0.0161n,, + 0.016105 — 0.0161u,

— 0.01978n, — 0.019781; — 0.01978n, + 3.55617 + 0.05818n + 0.058181 + 0.05818ng

(5.7.12)

dg = 6T,

g = 6N1'3,
Mo = 8Ng 4
e = 6N36, ¢
og = éng,

g = 6P13,
014 = 6P24,
uy = 6my7,1,
Uy = 6Ky,

Table 2. Assignment of the Fundamental Variables to the Primitive (Perturbation) Variables.
d) =6ny 5, dy=6ny 3, dy =6ny 4, dy=6Ty, dg = 8Ty,
d; =V, dg = 6Tgg, 1 = émy, n=6Ny . mg=8Np
'lsi‘SNlA’ ne = 6T, 177i6N5’1, n8i6N5'2, q9i6N5,3,
My =6Ts,  Mmp=0ng,  Mm3=8Ngg s My = N3g g M5 =6N3g 5
Mmr=6T36 Mms= bwgr, Mo = &V, 0y =6Pgs, 03= 6Py,
016 =6Pog, 04= ényg, o5 = 6Pg, 0g=0Tgs, 07= 6P 9,
g = 6P14, 00 = 6T16, oy = 6P36, 019 = 6T36, 0,3 = 0nys,
015 =8To4, Oy7=6ng7, U = 6K, u, = 6Ny 2, Ug=0dT3e,
Ug =60y, 3, Ug=06Dy73, U= 6ny7 4, Ug=6Ky, Ug= 8Ky,
u;; = 6Ky,

588.67,; = — 298175 — 3041.07;, — 582.47;; + 583.405 — 582.4u, + 60.0d;

Mg = 1.279 05— 1.279 04

oy —0g =4.1457,,

0.680 = 2437.0n, + 2437.0ng + 2437.0ng + 2437.010 + 23547y,

0.0240204 + 29.140 1 — 0.024020,; = 29.14ny; + 92.48ny,

2.45704 — 2.4570,, + 54.190,, = 924817, — 62.82n4

flyg = — 0.40517,5 — 0.1725 715 +0.1725u;

—20.290,, + 20.290, + 102.30, 5 = 0.42n; + 10027,
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14— 016 = 158.81, (5.7.22)

-0, +0,6+51.310,; = 51.31n; + 658.3u,, (5.7.23)
— 0, + 06— 20.880,, = 5874.0u,, (5.7.24)
102.30¢ — 25.660, 5 +9.150,, = 6.87p, (5.7.25)
—16.260, + 0y, + 16.260,3 — 0, = 16.261, + 839.4ug (5.7.26)
011~ 763.90)3 ~ 0, , = 4.385u4 (5.7.27)
04 =0.010640 (5.7.28)
0.99870,; = 2481.0n, 3 + 2481.01,5 + 2481.0, , + 2481.01), 5 + 248107, ¢ + 345.97,, (5.7.29)

fng = = 0.7472n; +0.93n, - 2.684ng — 2.684n, — 2.684n, ¢ + 0.7427n, , — 0.6225,5 + 1.8375,,
+1.837n, 5 + 1.837n,¢ — 0.74720 4 + 0.7427u, + u, (5.7.30)

g = = 0.24n; —0.8673n; + 2.747ng — 0.8673ng — 0.86735, + 0.247;, + 0.5901n, , — 1.8697,,
+0.59017,5 + 0.5901n,¢ + 0.240, — 0.76u, + u, (5.7.31)

fys = —0.00127; —0.0043367; — 0.00433675 + 3.61ng — 0.0043367,4 + 0.0012n,, + 0.0029517,,
+0.002951n, , — 2.4557,5 + 0.0029517;5 — 000120, + 0.0012u, + u (5.7.32)

fhe = —0.01617; —0.058187; — 0.05818ng — 0.058187g + 3.5567; + 0.01615;, + 0.039587, 5
+0.039587, , + 0.03958n, s — 2.418n, ¢ — 0.0161c, + 0.0161u, + u, (5.7.33)

1213.07,7 = —8696.0n + 8696.0n, — 2981.0n,; — 8696.00, + 2981.00,, + 8708.0u, + 8800.0u
+ 11,060.0ug + 11,070.0u, + 0.08597d, (5.7.34)

011 —0g =40.6n,5+ 1.792n,, (5.7.35)
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e = d (5.7.36)

5.7 . THE STATE VARIABLE FORM OF THE LINEARIZED
MATHEMATICAL MODEL

The equations are arranged compatibly with the symbolic form of the
primitive equations from section 5.1. To obtain the state variable representation of
the model (Equations 5.1.5 and 5.1.6), one can load the coefficients in the 36
equations from Section 5.7, (which are in the form of Equations 5.1.1 and 5.1.2)
into arrays Al, A2, A3, A4, A5, Bl, B2, B3, and B4 in a MATLAB compatible
format for reduction to state space format. A compact MATLAB input form for
each of the matrices follows:

Al

//coefficient of d(eta)/dt for study condition 1.;
//253189;

al=eye(19);

al(6,6)=1731;

al(11,11)=>588.6;

al(17,17)=1213.;

A2
//A2 for study condition 1.;
//247189;
a2(19,19)=0.;
a2(2,1:5)=<.74217,-.3163,.9127,.9127,.9127>;
a.2(2,13:16)=<.633,-1.826,-1.826,—1.826>;
a2(3,1:5)=<.24,.2949,-.9341,.2949,.2949>;
a2(3,13:16)=<-.5901,1.869,-.5901,-.5901>;
a2(4,1:5)=<.001201,.001475,.001475,-1.228,.001475>;
a2(4,13:l6)=<-.002953,-.002953,2.456,-.002953>;
a2(5,1:5)=<.0l6l,.01978,.01978,.01978,-1.209>;
a2(5,13:16)=<-.03958,-.03958,-.03958,2.509>;
a2(6,1)=540.1;a2(6,6)=-7121.;
a.2(7,2:12):<.3163,-.9l27,-.9127,-.9127,0.,-.93,2.684,2.684,2.684,...
0,-.7427>;
a2(8,2:l2)=<-.2949,.9341,-.2949,-.2949,0.,.8673,-2.747,...
.8673,.8693,0.,-.24>;
8.2(9,2:12):(-.001475,-.001475,1.228,-.001475,0.,.004324,.004324,...
-3.61,.004324,0.,-.0012>;
8.2(10,2:12)=<-.01978,-.01978,-.01978,1.209,0.,.05818,.05818,.05818,...
-3.556,0.,-.0161>;
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a2(11,6)=2981.;a2(11,11)=-3041.;a2(11,12)=-582.4;
a2(13,1)=-.7472;a2(13,7:16)=<.93,-2.68,-2.684,-2.684,0.,...
.7427,-.622,1.837,1.837,1.837>;
a2(14,1)=-.24;a2(14,7:16)=<-.8673,2.747,-.8673,-.8673,0.,...
.24,.5901,-1.869,.5901,.5901 >;
a2(15,1)=-.0012;a2(15,7:16)=<-.004336,-.004336,3.61,-.004336,0.,...
.0012,.002951,.002951,-2.455,.002951 >
a2(16,1)=-.0161;a2(16,7:16)=<-.05818,-.05818 -.05818,3.556....
0.,.0161,.03958,.03958,.03958,-2.418>;
a2(17,1)=-8696.;a2(17,12)=8676.;a2(17,17)=-2981.;
a2(18,18)=-.04051;

A3

//This is A3 for control study model 1.
a3(19,17)=0.,
a3(1,1:2)=<1.279,-1.279>;
a3(2,3:4)=<-.74217,.7427>;
a3(3,3:4)=<-.24,.24>;
a3(4,3:4)=<-.0012,.0012>;
a3(5,3:4)=<-.0161,-.9839>;
a3(6,3)=-583.4;a3(6,6)=2981.;
a3(7,3)=.7427;

a3(8,3)=.24;

a3(9,3)=.0012;
a3(10,3)=.0161;
a3(11,3)=-583.4;
a3(12,8:9)=<1.279,-1.279>;
a3(13,4)=-.7424;
a3(14,4)=.24;
a3(15,4)=-.0012;
a3(16,4)=-.0161;
a3(17,4)=-8696.;a3(17,10)=2981.;
a3(18,12)=-.1725;

A4

//This is A4 for control study case 1;
//24J189;

ad(19,11)=0.;

ad(7,2)=-.742T;

ad(8,2)=-.24;

a4(9,2)=-.0012;

a4(10,2)=-.0161;

a4(11,2)=-582.4;
ad(13,2:4)=<.7427,0.,1.>;
a4(14,2)=-.76;a4(14,5)=1;
a4(15,2)=.0012;a4(15,6)=1.;
24(16,2)=.0161;a4(16,7)=1.;
a4(17,4:7)=<8708.,8800.,11060.,10070.>;
a4(18,3)=.1725;

AS
//This is A5 for control study system 1.;
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//247189;

a5(19,8)=0.;

ah(3,1)=-1;

a5(4,2)=-1.;

a5(5,3)=1;

a5(6,1:6)=<-648.8,-741 ,-742.1,4080.,60.,-133.3>;
ab(11,7)=60.;

a5(17,8)=.08597;

a5(19,6)=1.;

Bl

//this is the B1 matrix for the first control study model;
//24J189;

b1(17,17)=0.;

b1(1,2)=2,;
b1(2,2)=1.;b1(2,3)=-8.688e-2;b1(2,5)=-1;
b1(3,5)=1.;b1(3,7)=-1;

b1(4,7)=1;b1(4,8)=-1;

b1(5,5)=.68;
b1(6,9)=.02402;b1(6,10)=29.14;b1(6,11)=-.02402;
b1(7,9)=2.457;b1(7,11)=-2.457;b1(7,12)=54.19;
b1(8,11)=.9987;
b1(9,4)=-16.26;b1(9,11)=1.;b1(9,13)=16.26;b1(9,14)=-1.;
b1(10,11)=1.;b1(10,13)=-763.9;b1(10,14)=-1,;
b1(11,4)=-20.29;b1(11,13)=20.29;b1(11,15)=102.3;
b1(12,14)=1.;b1(12,16)=-1.;
b1(13,1)=-1.;b1(13,16)=1.;b1(13,17)=51.31;
b1(14,6)=102.3;b1(14,15)=-76.64;b1(14,17)=9.;
b1(15,4)=1.;b1(15,13)=-.01064;
b1(16,9)=-1.;b1(16,11)=1.;
b1(17,1)=-1.;b1(17,16)=1.;b1(17,17)=-20.88;

B2

//this is b2 for the first control studies model.;
//247189;

b2(17,19)=0.;
b2(1,2:6)=<2437.,2437.,2437.,2437.,692.l>;b2(l,19)=-101460.;
b2(3,12)=35.9;

b2(4,12)=4.145;
b2(5,7:11)=<2437,2437,2437,2437,235.4>;
b2(6,11)=29.14,
b2(7,12)=92.48;b2(7,18)=-62.82;
b2(8,13:17)=<2481,2481,2481,2481,345.9>;
b2(9,1)=16.26;

b2(11,1)=.42;b2(11,17)=100.2;
b2(12,1)=158.8;

b2(13,1)=51.31;

b2(14,1)=-6.87;
b2(16,12)=1.792;b2(16,18)=40.60;

B3
//this is b3 for control studies model 1;
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//24J189;

b3(17,11)=0.;
b3(3,1:2)=<10470,35.9>;
b3(9,8)=839.4;
b3(10,9)=4.385;
b3(13,11)=658.3;
b3(17,10)=5874.;

B4

//B4 is empty

6 - SOME PROPERTIES OF THE LINEARIZED STATE VARIABLE MODEL

With the primitive form matrices available for manipulation via MATLAB,
the determination of the linear state variable representation coefficient matrices is
quite straightforward. SVD analysis shows both A, and B, to be maximum rank,
and the resulting A, ®, €, 9, &, and ¥ matrices in Equations 5.1.5 and 5.1.6 are
quickly generated. For a system of this size, the specific numerical values of any
element is of tertiary significance, and thus the presentation of these matrices is
relegated to Appendix 3. However, an item of great interest is the eigenvalues of
the state coefficient matrix, A:

EVV =
1.0D+04 =

-5.266821895634872
-0. 021360198075745
-0. 003977263492918
-0. 003977263492918
-0. 000459990795721
-0. 000459990795721
-0. 000093892720314
-0. 000021248217594
-0. 000366233205798
-0. 000365106096282
-0. 000365101237584
-0. 000366233205798
-0. 000365106096282
-0. 000365101237584
0.000002445599342
0.000000294968294
-0. 000000000002605
0.000000027480837

0.0000000000000001
0.000000000000000i
0.009552095834877i
-0.009552095834877i
0.000120566056909i
-0.000120566056909i
-0.000000000000000i
-0.000000000000000i
0.000176262166536i
0.000173786717458i
0.000173829082129:
-0.000176262166536i
-0.000173786717458i
-0.000173829082129i
0.000000000000000i
0.000000000000000i
0.000000000000000i
0.0000000000000001
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EVV(continued)
0.000000000000000 0.000000000000000i

It is seen that the four left-most eigenvalues are greater than 39.0 in
magnitude, suggesting that a representation of 15th order (a reduced order
representation) should be acceptable for control studies. The remainder reflect
dynamics which will require at Jeast 2 seconds to play out, and which may be very
important to the determination of the feedback control structure. One should be
mindful that the very small (but non-zero) eigenvalues might be due to numerical
error in the computational finite arithmetic, but a singular value analysis indicates
that in this case the small but non-zero eigenvalues are in fact just that, and the
plant is very mildly (slow dynamics) unstable about the prescribed experimental
operating condition. This conclusion is consistent with the physical nature of the
system. To further understand the dynamic behavior of the model, it 1s impc;rta.nt
to reformulate the model into smaller individual subsystems, the canonical basis.

We employ the Real Jordan canonical decomposition.

6.1 - A REAL JORDAN CANONICAL FORM OF THE LINEAR STATE
VARIABLE REPRESENTATION

For systems of this dimension, the Jordan canonical decomposition is of
great value to gain insights into the system behavior (see Brogan, 1985). In the
classical Complex Jordan canonical transformation (JCT), one can investigate the

system in the canonical state, which is characterized by

z(t) = MJq(t)
acy(t) = Ago () + BJ«(t) + CJd(t)

where
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MJ is the Complex Jordan modal matrix (CJMM) (generally complex)
gc4(t) is the Complex Jordan state vector (generally complex)
A is the Complex Jordan eigenvalue matrix (CJEM) (generally complex and

sometimes

diagonal but often having some ones in the first superdiagonal)
BJ =MJ~'3 (generally complex), and
CJ = MJ~'¢ (generally complex).

Often the JCT is satisfactory, but in the present case the JCT produces a
CJMM requiring thirty-eight (38) columns to present, half of them imaginary. By
employing a real Jordan Canonical transformation (RJCT) (see Takahashi,
Rabins, and Auslander, 1970), one can obtain a nineteen column Real Jordan
Modal Matrix (RJIMM) MR and a Real Jordan Eigenvalue Matrix (RJEM) ER. If
any entry in A is complex, then the Real Jordan canonical state vector differs from
the Complex Jordan state vector, although they are related. In the sequel we
employ the asymmetric Real Jordan Eigenvalue Matrix (RJEM) form (Takahashi,

et al, 1970). To denote this case,

z(t) = MRq(1)

«t) = ERq(t) + BRx(t) + CRd(1)
where
MR is the Real Jordan modal matrix (real)

ER is the eigenvalue matrix (real and tri-diagonal possibly with block
asymmetry; in some cases having some ones on the superdiagonal just above
the diagonal)

BR = MR™'8 (real), and

CR= MR™1C (real).

Four forms of the Real Jordan Transformation are available (Takahashi, et
al, 1970, and Siljak, 1986. In the version we use here Takahashi, et al, 1970), the
resulting Real Jordan Eigenvalue Matrix is tri-diagonal and block asymmetric. The

real part of each of the complex Jordan eigenvalues appears on the diagonal, and
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the negative imaginary part appears above the diagonal while its negative appears

below the diagonal. Here, to save space, we present the blocks concatenated in a

two-row, nineteen column matrix;

DBER =

1.0D+04 »

Columns 1 thru 4
-5.266821895634871  0.000000000000000
0.000000000000000 -0.021360198075745

Columns 5 thru 8
-0.000459990795721 -0.000120566056908
0.000120566056908 -0.000459990795721

Columns 9 thru 12
-0.000366233205798 0.000176262166536
-0.000176262166536 -0.000366233205798

Columns 13 thru 16
-0.000365101237584 0.000173829082129
-0.000173829082129 -0.000365101237584

Columns 17 thru 19
-0.000000000002605 0.000000000000000
0.000000000000000 0.000000027480838

-0.003977263492919
-0.009552095834876

-0.000093892720314
0.000000000000000

-0.000365106096282
-0.000173786717458

0.000002445599342
0.000000000000000

0.000000000000000
0.000000000000000

The associated Real Jordan modal matrix is

MR

Columns 1 thru 4
0.021374485835695
0.487360549065908

0.984576311054076
-0.001955648123576

0.157488261878300
0.000787441309857
0.010564837649393
0.221177235667850
-0.487360123124829
-0.157488125006523
-0.000787440784020
-0.010564828397520
0.650447775541264
0.051688720402714
-0.000000412153971
-0.000000136513800
-0.000000000675574
-0.000000009161841
-0.000034465044499
0.000000302667457
0.000000000000000

-0.000631875128675
-0.000003163992840
-0.000041386247457
0.000096446984620
-0.000868067795239
-0.000280512407754
-0.000001402604758
-0.000018823588278
0.002825999155352
0.172709078715878
0.002844266330721
0.000911896962854
0.000004561937004
0.000061206155787
0.027550330062014
0.000249544898103
0.000000000000000

Columns 5 thru 8
0.023978462944404 0.029493847479883
-0.007084457634296 0.025311329129724
-0.002320135705025 0.008169161137254

-0.222861859233880
0.005816754894363
0.001879634406395
0.000009401663918
0.000125394594452
0.002584220507461
0.001402104579983
0.000453080327699
0.000002265548592
0.000030396185574
0.010702876866564

-0.381326891771549

-0.007234575766325

-0.002332320942123

-0.000011663425357

-0.000156484554555

-0.071485556002443
0.001859344897543
0.000000000000000

-0.002568503774483

0.016182368235621
0.005169242141229
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0.009552095834876
-0.003977263492918

0.000000000000000
-0.000021248217594

0.000173786717458
-0.000365106096282

0.000000000000000
0.000000294968294

0.322197951244839
-0.003751480241953
-0.001212404055158
-0.000006061316275
-0.000081420370778
-0.001201962066472
-0.000485856568940
-0.000157002400103
-0.000000784867518
-0.000010523959557
-0.012052105651288
-0.833086493557783

0.004234483907949

0.001369490254180

0.000006847095427

0.000091864777795

0.039486759722147
-0.002002273880364

0.000000000000000

-0.170333623713372
0.009271856159084
0.003569791470073



MR(continued)
-0.000012098438914
-0.000164258756038

0.202604293203552
-0.025478334763020
-0.008215011499415
-0.000041406652986
-0.000538211083104

0.523635785674718
-0.138683675631643

0.032485032408920

0.010534793286127

0.000053380935448

0.000688589834673
-0.132208556882285
-0.011987363542998

0.000000000000000

Columns 9 thru
-0.000434549338021
-0.333604970041021
-0.110676221670387
-0.000539486289905

0.450460633757361

0.004695728699299

0.069447849286962

0.011517247536669

0.000113388994367
-0.076749231164386
-0.020268951933378

0.002413053767813

0.264173290919339

0.099126440708361

0.000425958175786
-0.362464456254652

0.015262522898163
-0.000309454575899

0.000000000000000

Columns 13 thru
-0.000078989144497

0.009929433211928

0.014324858119588
-0.024252456132820

0.000038235837291
-0.000397613710317
-0.264356820743857
-0.045696087138582

0.310129833762039

0.000019931422614
-0.001259213077060

0.000452642963183

0.254464536530617

0.031371215925709

0.000040819503345
0.000533867262298
-0.038048117289116
-0.049290720473403
-0.015943111731417
-0.000080134199729
-0.001067719061769
0.769014585609127
-0.172002174168538
0.023965232663896
0.007773824942749
0.000039173375510
0.000528457533651
-0.134156712888075
-0.008688571309677
0.000000000000000
12
-0.002365889272441
0.083748057550945
0.011827578249793
0.000137051277497
-0.098016095540404
-0.012815136031644
0.234874927207185
0.078290731338212
0.000379988557379
-0.311843457165495
-0.038544150768501
0.013556551929108
-0.318691699740971
-0.089963600874162
-0.000516962540559
0.405204053935332
0.006277594254333
0.001037430467572
0.000000000000000
16
-0.000001534446000
-0.373765232568121
-0.064326976103987
0.438160068345558
0.000031136207611
-0.000268080980026
-0.001438689585612
-0.009178093458171
0.010607832143095
-0.000028474169719
0.000467889438399
0.000012798653809
0.375231370860600
0.073505078970693

0.000025905961077
0.000362212241106
0.171601361074757
0.003741219057719
0.001181558255228
0.000005911968398
0.000086347194217
0.196136838947666
0.022504076070899
-0.019631368541019
-0.006350693074713
-0.000031773551538
-0.000409479782940
0.436058794716317
0.008888177603467
0.000000000000000

-0.000168637166761
-0.324410007385080
0.323082733665237
0.001166063755237
0.000216340950950
-0.000845902687344
0.183247014243786
-0.182999358919719
0.000033286646231
-0.000080476569712
-0.002726952896061
0.000966820438091
0.141231439230398
-0.140083367030527
-0.001199002422559
-0.000130725847818
0.000560853205478
0.000066645761575
0.000000000000000

0.002127499073159
-0.118764556142297
-0.013039260699884

0.000108773981237
-0.850335665841901
-0.004624688434761
-0.041878623768547
-0.005138670800554

0.000035151784017
-0.287200647192445
-0.001593536101620
-0.003764851461600
-0.056307401242189
-0.005299944868085
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0.000017923850718
0.000196493162171
0.040494054146723
-0.001732833228306
-0.000352542308634
-0.000001727130129
-0.000039178193928
0.108489631181109
-0.168037356184343
-0.010424941737283
-0.003131532280652
-0.000015571595920
-0.000234635785042
0.092275627607291
-0.952601895329476
0.000000000000000

-0.000007487154907
0.252277615693271
-0.252065311662433
0.000071652116033
-0.000110198673781
-0.000564650385160
0.225511990573353
-0.224609147353368
-0.000825646783815
-0.000151242264971
0.000813576716260
0.000050523205025
-0.477511486074352
0.476674545754798
0.000753955953713
0.000257469144136
-0.001209068228379
0.000037619146834
0.000000000000000

-0.001249937877648
-0.857448582488209
-0.001038607482383
0.000877705234494
-0.000277775049492
0.003685286338719
-0.291430937702131
-0.000385007648221
0.000299289112009
-0.000097086177615
0.002980417496428
0.002041513814356
-0.423848960773323
0.001312670859152



MR(continued)
-0.285862028060663
-0.000057032339740

0.000298663976310
0.000031581325941
0.000000000000000
Columns 17 thru
0.000016412362758
-0.668318523019703
0.534857523446167
-0.001354064207911
-0.000041012067976
-0.000059372032713
-0.227253876620181
0.181877033253038
-0.000460405901928
-0.000013694027642
-0.000060628271828
-0.000026516334553
-0.333067189232513
0.267615210333714
-0.000675540588126
0.000000040019953
-0.000183998003297
0.000051731173235
0.000000000000000

-0.448637501247626
-0.000002070183515
-0.000615576198059
0.000016846781909
0.000000000000000
19
0.000023656694458
-0.634070002293218
-0.000070529334320
0.574758903861677
-0.000014753075049
-0.000023887458395
-0.215654455358315
-0.000038953357662
0.195499349292086
-0.000006059271029
0.000031561837089
-0.000038039401422
-0.316633187948755
0.000074545807038
0.287443866902551
-0.000000005204576
-0.000145735125755
0.000074082924124
0.000000000000000

0.000061912601134 0.000448816238949
-0.418055811773158 -0.000015706546943
-0.018368371512324 0.012426412413986
0.006360851231764 -0.003909868113154
0.000000000000000 0.000000000000000

0.000000051400872
0.950909182004328
0.307243950675371
0.001536156292617
0.020611724800414
0.000036634532086
0.000000533624518
-0.000000411699438
0.000000001131302
0.000000000197389
0.000070776809305
0.000000051505625
0.000000776667388
-0.000000607552454
0.000000001651331
0.000000000125281
0.000070773448986
-0.000000100483148
0.030751715660749

The rows of MR show how the Jordan canonical state variables contribute
to the descriptive state variables. As an example, it is clear that Jordan state 19
solely determines descriptive state 19 (the volume of the upper chamber). All the
others are not so clear-cut, and this is generally the case. Another item of interest
is the influence the individual processes of the primitive form have on the Jordan
elements, and how the descriptive state variables contribute to the Jordan

canonical states.

The first question is not so easily answered, and strictly involves (1)
perturbing the coefficients of the individual process equations one at a time, (2)
constructing the A,, Ay, --- and By, By, -+ -, (3) constructing A, and (4) obtaining
the Jordan elements, for each perturbation; a very large task which in some cases may

be well worth the effort.
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The second question is much more easily addressed; one needs the effective

inverse of MR, MRNV.

MRNV =
1.0D+02 =

Columns 1 thru 4

-0.000000079360991
0.011027036117855
0.004303637906307
0.000330492422439

-0.000028472726969

-0.000064132701893

-0.000051803236422
0.000011053728587

-0.000000014223569

-0.000000001495674

-0.000000029038514
0.000000062645297

-0.060000000083374

-0.000000000178431
0.000000003635636
0.000000069891068
0.000000002864779

-0.000000000084737
0.000000000000000

Columns 5 thru
0.004058094394871
0.046300285905894
0.133032135860233

-0.047947738407967

-0.020691099176059
0.003803974812573
0.017254737184331
0.000712572446781
0.010710862653134
0.003122887569759

-0.000063017657065

-0.000314719087115

-0.000001308118171

-0.000000122913299

-0.006360029205293
0.000998588949181

-0.000151815240640

-0.000000656698796
0.000000000000000

Columns 9 thru

-0.011935557213817
0.057116497941355
0.160928817515437

-0.061642367708082

-0.011069980331601

0.004058094461690
0.046300274368076
0.133032132081097
-0.047947626278134
-0.021029860724648
0.003434273108404
0.017930573774850
0.000799112951901
-0.000174749685292
-0.000051705146068
-0.003065888425097
0.000496610685218
0.000009059687593
-0.000004170475201
0.000001036616354
-0.006362957631631
-0.000000794483606
0.000009776455899
0.000000000000000
8
0.001152686400887
0.013265246187142
0.037911355587235
-0.014374467244194
0.034921422890468
-0.027779428033610
0.008719287158453
0.000002971673030
0.000000005468609
0.000001590921333
0.000003234124340
0.000000103145409
-0.000000011508949
0.000000038795494
-0.000000008741358
-0.000000040047863
0.000000000005285
0.000000000012694
0.000000000000000
12
-0.011935556727441
0.057116149439601
0.160924826314253
-0.061639763771372
-0.012388839824255

0.004058094461691
0.046300258010397
0.133032326987938
-0.047947545627571
-0.020986976831392
0.003446348835286
0.017974005745429
0.000806778357354
-0.000181435760722
-0.000052420806710
0.009491348409376
-0.001505837137098
0.000003534084696
-0.000037576131655
0.000001080948813
-0.007960180072798
0.010158017373222
0.000036147127610
0.000000000000000

-0.011935557140388
0.057116207072712
0.160928666851032

-0.061640535666758

-0.011098488099617
0.007250430113147
0.027215376969202
0.000813120253453
0.000270145171574
0.000349617405094
0.006737159169779
0.003360182233558

-0.000023667284594

-0.000004712455155
0.000003202670888

-0.006361272919333

-0.000000794104094
0.000009772131394
6.000000000000000

-0.001153018373085
0.005877579478471
0.015481543135955

-0.008191542717668

-0.001926214702688

59

0.004058094605937
0.046300248492862
0.133032162106799
-0.047947473501417
-0.021038110671024
0.003424352323812
0.017960546499401
0.000803074701879
-0.000176206203828
-0.000052802519075
-0.001254296004910
-0.000107602331880
-0.006296304394037
0.010064370948144
0.000001074283795
-0.007016244971145
-0.000000532029538
0.009464088565077
0.000000000000000

-0.011935557208376
0.057119033703496
0.160928822588576

-0.061658213660490

-0.011227956679605
0.007259378246052
0.027225627932003
0.000819460384678
0.000282356727909
0.000360623476204

-0.020841670347579

-0.010450036641585

-0.000060026655955
0.000068936054341
0.000003247885522

-0.007962328802177
0.010158017537432
0.000036148699686
0.000000000000000

-0.000000248506030
0.002019520710580
-0.004711091034897
-0.009418427332986
0.000040158286908



MRNV (continued)

0.007268062053405
0.027218872955276
0.000816391908286
0.000271282179571
0.000353721933110
0.002311184512667
0.001988447601716
0.026630590408530
-0.010920585174335
0.000003240250745
-0.007016128237641
-0.000000531650199
0.009466197440280
0.000000000000000

0.006569233515909
0.027057618485695
0.000741546948676
-0.016734526561433
-0.021552321505284
-0.000328079037130
0.000713091713345
0.000002490265615
0.000001975484830
-0.006484464908057
0.001017945335061
-0.000151814857910
-0.000000663357369
0.000000000000000

Columns 13 thru 16

-0.000000010232328
-0.133980202090320
-0.382771126779035
0.140439624292678
0.050451431376845
-0.012030447082541
-0.054798544384965
-0.002087890892367
0.000165692758078
-0.000133847727189
0.001550864973431
-0.003270455776704
-0.000001985481366
0.000011478775925
0.000001608382963
-0.006372995381737
-0.000000373998128
0.000009801360430
0.000000000000000

-0.000000010240033
-0.133980287282974
-0.382771142181409
0.140440163283337
0.050422807895227
-0.012061160764686
-0.054723502606230
-0.002079371998441
0.000170723208760
-0.000139761062429
-0.004810297437559
0.010134931293734
0.000033805350703
0.000028203612623
0.000001652255851
-0.007968303847082
0.010158437949212
0.000036169084491
0.000000000000000

Columns 17 thru 19

-0.000000029080641
-0.018977198942561
-0.053399192557579
0.021447381911251
-0.008633654390757
0.003955724022687
0.012028361877980
0.000030505602496
0.000000086887107
-0.000000466753684
-0.000000879334351
-0.000000214565499
-0.000000000258151
-0.000000009969529
0.000000375872476
0.000002758842500

0.000000000245057
-0.000484003880011
0.005275456198033
-0.000419192722920
-0.000567608615953
0.000950500410444
0.003266159255409
-0.010457639483299
0.000000133434329
-0.000000087561853
-0.000000076367255
-0.000000832746981
0.000000001592361
0.000000000864010
0.000000597411480
0.000018968559298

0.013288497480227
0.006410068997662
0.000011816052571
0.000000402932000
-0.000000127640973
-0.000000279987031
-0.000000818879114
0.000000016567716
-0.000000000840476
0.000000131861654
0.000001063842386
0.000000000007851
-0.000000000410084
0.000000000000000

-0.000000010228713
-0.133979525845905
-0.382771042151076
0.140435389120294
0.050432091026318
-0.012023977207041
-0.054788422679860
-0.002084544597349
0.000167688144985
-0.000134412953131
0.000936745540861
-0.001127783648698
-0.005522465530611
-0.012696905624139
0.000001646354553
-0.007028360747631
-0.000000111581489
0.009466914237013
0.000000000000000

-0.168951276001464
-1.927626665785087
-5.538549285503272
1.996212015962940
0.874873693278677
-0.143355254541355
-0.746547286512787
-0.033288760591338
0.000046090546549
0.000032058549404
0.000079066352446
-0.000094870844419
-0.000000055535734
0.000001721555178
0.004219980627829
0.275968582994403
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-0.000100749151063
-0.000068165259628
0.000010907601423
-0.000000012114450
0.000000002118973
-0.000000021340049
0.000000058911711
-0.000000000077779
-0.000000000095633
0.000000001504711
0.000000054453148
0.000000002793429
-0.000000000055846
0.000000000000000

-0.000000017134799
-0.133998944505850
-0.382774278702508
0.140557461037831
0.051033750070013
-0.012278165752610
-0.054926300217334
-0.002155565300914
-0.010289394705628
0.008450891278060
0.000361908678533
0.000159967277918
0.000000996741591
-0.000001209177829
-0.006529960873376
0.001016652104691
-0.000157015973551
-0.000000654927085
0.000000000000000



MRNV(continued)

0.000000012863846 0.000000924297613 -0.101363240880237
-0.000000005200491 -0.000000021013929 -0.001135783570108
0.000000000000000 0.000000000000000 0.325185108704812

The rows of MRNV show how the descriptive states map into the canonical
states, e.g., a zero element shows that the corresponding descriptive state does not

influence the canonical state. Again the graphic example of the present MRNV is

that only descriptive state 19 influences canonical state 19.

To a large degree, one can anticipate control problems by surveying the

rows of BR.

BR =
1.0D+04 *
Columns 1 thru
0.000033277765579
-0.270436643730725
0.630868324901464
1.261233848115660
-0.005377648405604
0.013491449792794
0.009128098531653
-0.001460651086450
0.000001622261810
-0.000000283754463
0.000002857673731
-0.000007888943861
0.000000010415520
0.000000012806328
-0.000000201497800
-0.000007291891854
-0.000000374071657
0.000000007478451
0.000000000000000
Columns 5 thru
-0.000000002212125
-0.002716549374846
-0.007701684171251
0.002960353494491
-0.000122121126643
0.000166365897709
0.000325391392126
-0.000018580617742
0.000001713535522
-0.000001431472392
-0.000048166767799
0.000101333746768

4
0.000130878405621
-0.001556613041551
0.000400677767752
0.005022089592311
0.000112434200427
-0.000157447850720
-0.000304870438139
-0.000013335794888
-0.000001712921902
0.000001430941848
0.000048166826014
-0.000101336533629
-0.000000338031286
-0.000000281318062
-0.000000041532455
0.000079545751508
-0.000101582365427
-0.000000361385178
0.000000000000000
8
-0.000000002753828
-0.003070115293947
-0.008696589808871
0.003359902480967
-0.000282886159496
0.000240438774433
0.000548848521515
-0.000018063978837
0.000001684803720
-0.000001386687617
0.000009287278674
-0.000011297400332

0.000000000000423
-0.000000834906693
0.000009100161942
-0.000000723107447
-0.0060000979124863
0.000001639613208
0.000005634124716
-0.000018039428109
0.000000000230174
-0.000000000151044
-0.000000000131734
-0.000000001436489
0.000000000002747
0.000000000001490
0.000000001030535
0.000000032720765
0.000000001594413
-0.000000000036249
0.000000000000000

-0.000000002585545
-0.002915425499070
-0.008260800240074
0.003186078615706
-0.000206405283429
0.000205611919625
0.000449299274094
-0.000019023159875
-0.000102886733922
0.000084470164144
0.000003546086811
0.000001581860128
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-0.000000002189992
-0.002702155264034
-0.007661183393029
0.002944081335121
-0.000115286695586
0.000163672815156
0.000315518061785
-0.000018688943660
0.000001663165115
-0.000001371985030
0.000015445523242
-0.000032719961200
-0.000000019873346
0.000000114072057
0.000000043067321
-0.000063531899403
-0.000000002816499
0.000000097640266
0.000000000000000

-0.000002306030737
-0.115956370297978
-0.045287281245884
-0.003461762875487
0.000208279141379
0.000747435461862
0.000514396152568
-0.000116123010280
-0.000001067549952
-0.000000353921731
0.000000039440308
-0.000000066100955



BR(continued)
0.000000338034779
0.000000281312863
0.000000043791131

-0.000079482891612
0.000101585312731
0.000000361313563
0.000000000000000

Columns 9 thru
0.000000016497528

-0.000012689405687

-0.000004786497825

-0.000000451242909
0.000000508824808

-0.000000307751985
0.000000218150669

-0.000000013315908
0.000000006374565
0.000000001932760
0.000000001422565

-0.000000003168099

-0.000000000010540

-0.000000000007410

-0.000000003808865
0.000000002811293

-0.000000003010574

-0.000000000010687
0.000000000000000

-0.000055224678844
-0.000126969965252
0.000000050735183
-0.000070032059265
0.000000000057096
0.000094668668195
0.000000000000000
11
0.000146339651628
-0.587192408382382
-0.225134351923371
-0.019419884191736
0.005825476261093
-0.000000023556181
0.003841121645717
-0.000589886727719
0.000000760192096
0.000000275993849
0.000001949313747
-0.000003332452360
0.000000003033222
0.000000014310614
-0.000000195215325
-0.000003737018697
-0.000000152974373
0.000000004526379
0.000000000000000

If the entries corresponding

0.000000009945985 0.000000002912779
-0.000000012919422 0.000000003334174
-0.000065268404811  0.000000690081205

0.000010395552737 -0.000001288497919
-0.000001569091814  0.000000545544026
-0.000000006981002 0.000000002955551

0.000000000000000 0.000000000000000

-0.000015732112866
-0.027037126660512
-0.011004316774894
-0.000606243705685
-0.000413131342874
0.000539977992367
0.000005690443116
-0.000026959915354
0.000000034562735
-0.000000018337603
0.000000026034463
-0.000000153983516
0.000000000362044
-0.000000000101466
-0.000000008733001
-0.000000169650612
-0.000000006976594
0.000000000206182
0.000000000000000

to a canonical block are all zero, then that

canonical state cannot be influenced by any of the control variables and it is said to

be uncontrollable. If, in addition, the uncontrollable block is not stable, then all

descriptive states which are influenced by the unstable canonical block cannot be

controlled. If all entries in the set are not zero, but all have very small values, then

one is faced with a condition of poor control authority, and the hardware

realization of an effective controller system is likely to be difficult.

CR
1.0D+02 =

Columns 1 thru 4
-0.004490135441989 -0.004551532285346 0.003563924216883 0.002716903821848
-0.051272234744203 -0.051978785422193 0.040613319299609 0.031266438153402
-0.147241967372107 -0.149261113285390 0.116779093121188 0.089357787865926
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CR (continued)
0.053335271998474
0.007897999840441
0.006965721013476

-0.021242101359759
-0.000807892176801
0.000181433711021
0.000051824509910
-0.009492560598788
0.001505798476935
-0.000003529771001
0.000037561590629
-0.000001077672445
0.007960195083228
-0.010158017375203
-0.000036147132368
0.000000000000000
0.000039954467968
0.000459800561079
0.001314085115675
-0.000498248431341
0.001210447933812
-0.000962891786260
0.000302228324383
0.000000103004264
0.000000000189553
0.000000055144587
0.000000112101364
0.000000003575231
-0.000000000398924
0.000000001344731
-0.000000000302993
-0.000000001388141
0.000000000000183
0.000000000000440
0.000000000000000

The purpose of this report is to present the details of generating the
mathematical model to be used in investigating the control problem of a CGRC. A
commensurate presentation of the full invéstigation of the control problem will

require a report of similar magnitude. However, it is desirable to present a

0.054100841628481
0.006089078688449
0.008467361236503
-0.021693066305532
-0.000804346804545
0.000176203862846
0.000052121483427
0.001252911553069
0.000107558177780
0.006296309320745
-0.010064387555574
-0.000001070541827
0.007016262114685
0.000000532027276
-0.009464088570511
0.000000000000000
-0.169040041511134
-1.928648189364952
-5.541468744601931
1.997318957894570
0.872184481452392
-0.141216029956213
-0.747218737106791
-0.033288989432478
0.000046090125425
0.000031936036514
0.000078817300583
-0.000094878787391
-0.000000054649459
0.000001718567633
0.004219981300979
0.275968586078390
-0.101363240880644
-0.001135783571085
0.325185108704812

-0.041785235726328
-0.035662322704087
0.015713341388969
0.013516676525586
0.000711298455703
0.010710860308677
0.003122205523126
-0.000064404164098
-0.000314763306762
-0.000001303184149
-0.000000139545383
-0.006360025457770
0.000998606118169
-0.000151815242906
-0.000000656704239
0.000000000000000
-0.000117535002353
0.000599141638988
0.001578138953716
-0.000835019645022
-0.000196352161334
0.001354586899106
0.000653421916173
0.000001204490578
0.000000041073598
-0.000000013011312
-0.000000028540982
-0.000000083473916
0.000000001688860
-0.000000000085675
0.000000013441555
0.000000108444688
0.000000000000800
-0.000000000041803
0.000000000000000

-0.033880893331203
0.082310459499198
-0.065476641465701
0.020551526058053
0.000007004289984
0.000000012889615
0.000003749831911
0.000007622892726
0.000000243115696
-0.000000027126812
0.000000091441720
-0.000000020603548
-0.000000094393576
0.000000000012456
0.000000000029921
0.000000000000000
-0.000000000002061
-0.000001344987463
-0.000003784607242
0.000001520058881
-0.000000611900468
0.000000280357456
0.000000852496513
0.000000002162050
0.000000000006158
-0.000000000033081
-0.000000000062322
-0.000000000015207
-0.000000000000018
-0.000000000000707
0.000000000026640
0.000000000195530
0.000000000000912
-0.000000000000369
0.000000000000000

7- AN ELEMENTARY CONTROL STUDY

sufficiently detailed control study to illustrate the use of the model.
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STATEMENT OF THE CONTROL PROBLEM TO BE INVESTIGATED

The positive eigenvalues of the matrix 4 reflect a clearly defined problem
with the model behavior. If intervention via the control variables is not invoked,
the eigenstates will tend to go to infinity with time, and thus all descriptive states
which are related to the canonical states (via the mapping MR) will tend to go to
infinity with time. Thus, it is necessary to manipulate the control variables in such
a way that the resulting controlled system will have no eigenvalues with positive
real parts. In the following, we demonstrate a procedure for choosing feedback
control so that the canonical state having the most positive eigenvalue (eigenstate
15). Left to itself, this eigenstate (g5(0)) will tend to infinity according to e®0%4%
(coefficient of t is rounded). The Science Advisory Working Group did not address
the question of dynamic properties requirements, so we have no guidance from that
source to help with the choice of parametrization of the dynamic properties of the
controlled system. Arbitrarily, we select the criterion that the dynamics of
eigenstate 15 should decay according to ¢~ and ask what feedback control s= Kz
will provide the desired behavior. The first question is “does a K exist such that we
can obtain this behavior?” If the answer to the first question is “yes,” then the
second question is “will the gain matrix K have impractically large elements?” (as a

rough rule of thumb large gains are difficult to attain and are thus undesirable).

The procedure we will demonstrate is due to C. Blackwell (1991) and
distributes the burden of assigning the new eigenvalue among the control variables
according to the control authority of each individual control variable. In this way,
the wasteful assignment of load to a control variable with little authority 1is

avoided, advantage of a control variable with high authority will be taken, and
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those control variables having equal authority will be weighted equally. The

fundamentals are relatively straightforward.

For the case when all disturbances are zero, the dynamic equation of

canonical state 15 is

415 = A5 @15 + brygm
where bry; is the fifteenth row of BR. By using a control law which relates » to g,

u=kyq;
we make the dynamics of ¢,; dependent on g5 only
U5 = M5 @i + bryshys g
or
his = (A5 +brygkis) g5

We now select &, to be related to bry; in a very useful way:

ks = o bryg'| brys | ?
and this choice gives us a very simple expression for the dynamics of &5

G5 = (A5 +a) g5
Now suppose we would like the controlled system to exhibit dynamics
G5 =M 1s 1
then we must have
(Ais+a)=2y;s
which tells us that
a=X;5- As
Now we know k. In terms of the entire canonijcal state, what we have done is
represented by
¢= (ER+ BRK,)q+ CRd

where

65



Kq = [0 I k15 I 0]
(ks is in the fifteenth column). K, is the canonical state gain matrix. To find the

gains on the descriptive states, one uses the fact that ¢ = MR~ 'z. Thus

K=KqMR"

NUMERICAL DETAILS

The following is an edited MATLAB dialog transcript of the process of
finding K. The sequence of MATLAB transactions follows the sequence which was
followed in the preceding explanation. The object is to change an eigenvalue so

that it has a desirable value.

<>
Im15=er(15,15)//1t is also equal to DBER(1,15).
LM15 =
0.024455993417775

<>
L15=-1.0//We want to replace LM15 with this value.
L1 =

-1

<>
alph=115-Im15

ALPH =

-1.024455993417775

<>
BR15=BR(15,1:11);K15=ALPH+BR15'/(NORM(BR15)+2)
K15 =

0.004845071804937

0.000998659667081

-0.000024779501890

-0.001035565963037

-0.001052970165541

-0.001219941869759

1.569397322971582

-0.016593198483799

0.000091585233884

0.004694007912200

0.000209987492911

<>
KQ(11,19)=0;KQ(1:11,15)=K15
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KQ =

Columns 1 thru
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

4
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
6.000000000000000

Columns 5 thru 8

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 9 thru 12

0.000000000000000
0.000000000000000
0.000000000000000
4.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.0000000600000000
0.000000000000000
¢.0060000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 13 thru 16

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.0000600000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 17 thru 19

0.000000000000000
6.000000006000000

0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
6.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.004845071804937
0.000998659667081
-0.000024779501890
-0.001035565963037
-0.001052970165541
-0.001219941869759
1.569397322971582
-0.016593198483799
0.000091585233884
0.004694007912200
0.000209987492911

0.000000000000000
0.000000000000000
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0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
6.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000060000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000



KQ(continued)
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.0000000006000000

<>

K=KQ+MRNV

K =

0.006000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 1 thru 4

0.000000001761492
0.000000000363076
-0.000000000009009
-0.000000000376494
-0.000000000382822
-0.000000000443526
0.000000570575775
-0.000000006032683
0.000000000033297
0.000000001706571
0.000000000076344

0.000000502248067
0.000000103522694
-0.000000002568684
-0.000000107348461
-0.000000109152609
-0.000000126461169
0.000162686293142
-0.000001720078092
0.000000009493875
0.000000486588537
0.000000021767647

Columns 5 thru 8

-0.003081479818114
-0.000635150464878
0.000015759835571
0.000658622976893
0.000669692100514
0.000775886592043
-0.998141280880727
0.010553322696618
-0.000058248476228
-0.002985402741147
-0.000133552658766

-0.000000004235251
-0.000000000872964
0.000000000021661
0.000000000905225
0.000000000920439
0.000000001066395
-0.000001371866426
0.000000014504709
-0.000000000080058
-0.000000004103200
-0.000000000183558

Columns 9 thru 12

0.000001569924753
0.000000323590773
-0.000000008029180
-0.000000335549338
-0.000000341188736
-0.000000395291755
0.000508524084486
-0.000005376612375
0.000000029675912
0.000001520976263
0.000000068041213

-0.003141769809613
-0.000647577356628
0.000016068181044
0.000671509114729
0.000682794808768
0.000791067024432
-1.017670186760809
0.010759801328062
-0.000059388123522
-0.003043812958480
-0.000136165652891

Columns 13 thru 16

0.000000779273095
0.000000160622719

0.000000800529824
0.000000165004128

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000523727462
0.000000107949998
-0.000000002678537
-0.000000111939380
-0.000000113820685
-0.000000131869472
0.000169643817340
-0.000001793639821
0.000000009899895
0.000000507398228
0.000000022698573

0.000001551717042
0.000000319837824
-0.000000007936059
-0.000000331657696
-0.000000337231689
-0.000000390707231
0.000502626311729
-0.000005314255372
0.000000029331736
0.000001503336249
0.000000067252083

0.000000063887918
0.000000013168492
-0.000000000326747
-0.000000013655144
-0.000000013884639
-0.000000016086355
0.000020694332727
-0.000000218800660
0.000000001207658
0.000000061895965
0.000000002768930

0.000000797670602
0.000000164414789
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0.000000520498212
0.000000107284390
-0.000000002662022
-0.000000111249173
-0.000000113118879
-0.000000131056378
0.000168597811167
-0.000001782580424
0.000000009838853
0.000000504269663
0.000000022558616

0.000001573623857
0.000000324353227
-0.000000008048099
-0.000000336339970
-0.000000341992656
-0.000000396223154
0.000509722284378
-0.000005389280912
0.000000029745836
0.000001524560034
0.000000068201534

0.000000000729043
0.000000000150269
-0.000000000003729
-0.000000000155823
-0.000000000158442
-0.000000000183566
0.000000236148934
-0.000000002496797
0.000000000013781
0.000000000706313
0.000000000031597

-0.003163812931494
-0.000652120855186



K(continued)
-0.000000003985493
-0.000000166558665
-0.000000169357928
-0.000000196213372

0.000252419191705
-0.000002668821775

0.000000014730413

0.000000754976236

0.000000033774031

-0.000000004094208
-0.000000171101992
-0.060000173977612
-0.000000201565609
0.000259304590911
-0.000002741620928
0.000000015132224
0.000000775570204
0.000000034695306

Columns 17 thru 19

0.000000182112913
0.000000037536868
-0.000000000931393
-0.000000038924074
-0.000000039578250
-0.000000045854257
0.000058989325709
-0.000000623692659
0.000000003442437
0.000000176434837
0.000000007892852
<>

0.000000289450152
0.000000059661075
-0.000000001480356
-0.000000061865899
-0.000000062905646
-0.000000072880728
0.000093757597701
-0.000000991296726
0.000000005471407
0.000000280425421
0.000000012544894

-0.000000004079585
-0.000000170490874
-0.000000173356223
-0.000000200845685
0.000258378442745
-0.000002731828787
0.000000015078177
0.000000772800130
0.000000034571386

0.002044610915727
0.000421432444888
-0.000010456901794
-0.000437006830286
-0.000444351370026
-0.000514813105746
0.662282630030616
-0.007002297615535
0.000038648791279
0.001980862245636
0.000088614315217

0.000016180917780
0.000676220522043
0.000687585398181
0.000796617267732
-1.024810311378582
0.010835293686337
-0.000059804799384
-0.003065168800599
-0.000137121011261

//Check to see that the K just computed does generate the desired eigenvalue
AC=A+B+K;EIG(AC)//AC is the state coefficient matrix of the controlled system

ANS =
1.0D+04 *

-5.266821895634869
-0.021360198075745
-0.003977263492918
-0.003977263492918
-0.000459990795721
-0.000459990795721
-0.000021248217594
-0.000093892720314
-0.000100000000000
-0.000366233205798
-0.000365106096282
-0.000365101237584
-0.000366233205798
-0.000365106096282
-0.000365101237584

0.000000294968295
-0.000000000002605

0.000000027480838

0.000000000000000

<>

//The result confirms the correct execution of the procedure.

<>
exit

0.000000000000000i
0.000000000000000i
0.009552095834876i
- 0.009552095834876i
- 0.000120566056908i
0.000120566056908i
0.000000000000000i
0.000000000000000i
- 0.000000000000000i
0.000176262166536i
0.000173786717458i
0.000173829082129i
- 0.000176262166536i
- 0.000173786717458i
- 0.000173829082129i
0.000000000000000i
0.000000000000000i
0.000000000000000i
0.000000000000000i

(END OF MATLAB SESSION)
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One can easily confirm that the eigenvalue .000002445599342 does not
appear in the list of eigenvalues of the controlled system, and that an eigenvalue
with value -1.0, the value which was desired, has appeared. All the other
eigenvalues are unchanged. No element of the gain matrix is appreciably greater
than 1.0 which implies, as a course rule of thumb, that one may expect to
encounter no difficulty in accomplishing the eigenvalue change. The basic
procedure is seen to be simple, but a negative side is that to change other
eigenvalues by this method will require successively obtaining the RJCT after each

reassignment and repeating the process we have demonstrated.

Several matters of interest are spawned by this demonstration. One is that
literally all 19 states must be known and 165 gain elements are required to set this
eigenvalue. However, good results can often be obtained by setting relatively small
gains to zero, thus not requiring full state feedback. In the present example, it was
found that setting all gains to zero except those having order of magnitude one
reassigned the target eigenvalue to a stable value, but it was not -1.0. Also, many
other eigenvalues were changed, but none changed to unstable values (compare to
root locus principles). Another matter of interest is the behavior of the volume
change descriptive state (the nineteenth state). This state is not controllable since
its only influence is the glove manipulation disturbance (note that this state is
connected only to the nineteenth canonical state and that the last row of BR is
zero). This might appear to be a problem for system control, but it is not in fact.
If, for example we replace V with P as a state, we find that all nineteen states are

controllable.
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8 - CONCLUDING REMARKS

The principal thrust of this study was to begin familiarization with the
control problem specific to a CGRC system. It was brought to the point of
displaying the system characteristics which are relevant to the control problem. A
number of processes to make the control problem study meaningful are illustrated,
but not all the actions which should be taken were done in this study. An
important example is that the system linearized state variable format model
matrices should be balanced to maximize numerical effectiveness and to make
physical judgment as effective as possible. The modal matrix is normalized,
however. A serious study should include both these important enhancements in

preparation for the control law synthesis.

The control synthesis demonstration is very elementary, but it suffices to
demonstrate that the local stability problem is resolvable via straightforward
multivariate means. Although canonical space eigenvalue placement was used in
the demonstration, alternate choices such as linear quadratic regulator synthesis or
minimum norm gain matrix synthesis could have been used. To describe the full
control study will require an additional report which is based on the contents of
this report but which is dedicated to the synthesis activity. The uncertainties in
the model are yet to be characterized, and as a consequence, robustness
considerations cannot be brought into the control design process at this stage.
Because of the dynamic dimensionality and the hypothetical nature of the object of
the study, it is not certain that any significant constructive purpose can be served
by further addressing the control problem via this model. Stated differently, the
resource might be better expended in the design of the control system for a model

which is generated from a more completely defined physical system.
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A Modeling System for control of
the Thermal and Fluid Dynamics
of the NASA CELSS Crop Growth

ABSTRACT

The Crop Growth Research Chamber (CGRC), which
is being deveioped under the Coatroiled Ecological Life
Support System program at NASA Ames Research
Center. will be operated to support research on the growth
dynamics of crops of higher plaats within a closed.
precisely controlied environment. The CGRC is the first
in a senes of instruments which will be incorporated into
bioregenerative life support systems for space habitats.
The dynamic processes of the thermai and fluid partions of
the CGRC are profoundiy coupied with those of the piaats
and there 13 strong r to beii that d ion of
these 1nteractions is necessary io order to design a CGRC
which wiil support scund research.

In this paper we aescnbe the modeiing system waich
we have deveiopea for the thermm and fluid dynamics of
the CGRC. The bases of the modeling system are
symbolic representations of the individual processes which
are inciuded in the representation. The system inciudes
the piant growth chamoer, the associated controi system
components and the controi devices. An exampie of the
derivation oi the dynamic equations of the system from
the symbolic modeling system is presented.

AN IMPORTANT ELEMENT of the Coatrolled
Ecologicai Life Support System (CELSS) Program at
NASA Ames Researcn Center 13 the development of a crop
growth researcn chamoer (CGRC). This CGRC contauns a
plant growth chamber (PGC) requiring a preecisely
controlied internai environment. The CELSS program and
ils recent status are gescriped in il).

The CGRC is one of a sequence of physical devices
which are to oe deveiopes under the CELSS program.
‘eading eventually to fuily cyciing bioregenerative tife
support svstems ior space or planetary habitats i2]. It will
be usea (o conduct researcn on the growth of crops of
nigher piants from seeg to maturation emploving stringent
controt of ail environmentai parameters {e.g., lighting,
temperature. atmospneric oxygea. carbon dioxide
concentrations. humiaity, and pressure. nutrient soiution
‘emperature. 10n ana dissoived OXvgen concentrations. ang
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pressure) which affect the production of biomass. oxygen,
and transpired water vapor, and the consumption of
carbon dioxide, liquid water. and nutrients by the plants.
Knowiedge of the autecology of the crop plaat popuiations
to be used in a CELSS wiil permut utilizsation of the
CELSS piant growth unit as a multiple input-muitiple
output (MIMO) life support system composent whose
function and performance can be vaned as needed by
application of the appropriate control strategy.

The prototype chamber unit currentiy under
deveiopment is a pr to & space-based umt (CROP)
that will be capable of conducting experiments on the
effact of the space environment on the growth of plant
crops. It is desirable to reguiate environmental conditions
within the space-based unit to the same degree oi accuracy
as those within the ground-based unit in order to separate
the effects of flight mission vanabies. principaily gravity,
from the effects of controilable environmental parameters
on piaat growth response. Suggested ancilary uses of the
chambers are to “develop’ control sysiems. to validate
modeis of plant growth and system operstion. to expiore
the development of expert systems for operation of plant
growth devices. and to expiore the use of automation and
robotics and other devices to save human labor™ (3).

Both the ground-based and the space-based units wiii
be designed to provide environmentai conditions that are
independent of those of the ambient environment. While
the space-based unit and follow-on versions of the
prototype ground-based unit will be ciosea with respect to
the exchange of materiais, the initial ground based unit
will emuiate ¢l e by including suificiently large storages
and sinks of materials which require removai or
repienishment during particular pnases of piant growth.

Tolerance specifications for eavironmental variabies

for the ground-based and space-based units were
developed and dified at worksh heid in September
1984, April 1986 and June 1988 (4. 5]. The tolerances on

environmental variables are described in i6) and are given
in Table 1. The CGRC differs irom other piant growtn
chambers described in the literature i7 - 12| in size. degree
of material closure. tightness of controi. and numoer o
controiled environmentai vanables.

PRECEDING PAGE BLANK NOT FILMED



TABLE 1. Tolerance requiremests for the
atmospharic varisbles in the shoot sone of the plans
growth chamber of the NASA CELSS Crop Growth
Rassarch Chamber.

Air temperature 540°Cx1°C
Ralative humidity 35-90% + 2%
Carbon dioxide 25-5000 ppm = 0.2%
Oxygen 5-25% = 5%
Nitrogen 75-95% + 5%
Gage pressure 0.8 HyO % 0.25°
Air velocity 0.5 m sec™ & (o)
Photosynthetic - 0-3000 umoles m~? s~}

photon flux 4 10 pmoles m~? s~

Surface tsmperatures Air temperature + 2° C

+ not established

mdnmkpmdthtmdndﬂuﬂ
aspects of the CGRC are profoundly coupled with thoss of
thplnundtbmi-nmgmwbdkntm
Mdthinwﬁhohmhuduw
design a CGRC which will support sound research. For
thandmplumm,pnﬂiulne.dtypudm
thmumsﬁcminnioadmnolmuthud’
adequately accurate mathematical models of the system
being examined.

Masy very importaat questions related to the
mnﬂﬁqudaMymtﬁhﬂ
mﬂhchlnmhuduwwndmn
wmnialmoddofthdylmkhb“iordm
system. Duae to disturbances, uncertainties, or variatioas
hphydda-bwddwﬁed&hm
compoasnts, passive coatrol may fail to provide acceptable
performancs. In that case, recourse to the use of active
control is a compelling alternative since active coatrol is
well establisbed to have highly reduced sensitivity to
uncertainty. The same mathematical models used to
mmuq-uydp.ﬁnmndmmmu
hudbnldythnqu‘mmuuktmmudhm
which will provide stable, dasirable system performance ia
which compensation is provided for disturbances and for
nmuhorvaﬁsblechuuurilﬁuofohnuudm
controlled system.

Uncertainties in the CGRC system are most manifest
in the living component. The inherest variability of
Wmumxlls]mﬁ-thmkdpn&o
mathematical description of their bebavior difficult.

Thwn"-nbh"'nundlm'inthmof
stability to a region, i.e. the states of the system remain
within an acceptable tolerance of the desired system stats.
mmdm“hducﬁbdbythlpdﬁmiou
oa the environmental variables gives in Table 1.

For s plant growth unit operating as a regulating
system, this implies prescribed bounds on the deviation of
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the actual system variables from desired fixed values. For
a plant growth unit operating as the MIMO tracking
system described earlier, ie., one which is trassitioning
fmniﬁtﬁﬂwtﬁwmm;npmcﬁbd
performance path, this implies prescribed bounds on the
deviation of the actual system variables from the desired
trajectory between initial asd final states. A coutrol
'hkhpmﬁnmbmtyudcﬁndhuﬁdwhastobw
control for . the systeam subject to the specified

uncertainties.

Control strategies, proposed or implemented, bave
bmupndbrmwthdmhn,‘mnbou-.ud
Hvestock buildings {9, 11, 12, 14 - 23} These control
strategies have besn using ad hoc methods or,
to varying degress, utilising control theory formalism.
Hmdmdnmmhmdcphodicm-du-iub
mdnddnbhpubmnu.ukpodbhﬁwsnbut
comtrol may achieved by manusl tuning, but it is difficult
mkmwmnbuu-hubmuhwuww
future system perturbations will require retuning. If it
desirable to develop a control system that requires little or
ublmilmtion.uvillbetheunbrtlulpw
borne m..hrmdpnudureforthmth-ilofl
coatrol steategy is required.

The robustasss objectives are moast readily achieved
through tbe development aad utilization of mathematical
MdthmmndthCGllc.i&mPGCM
thmmadthmtrdm.fh
mathematical model which will be for the
CGRC ls based upon the philosophy that & model which is
developed for control system design is ome in which
Wrﬁﬁlndphyﬁdphm.mwudlnth
most parsimonious format which is adequate for the
analytical and computational nesds of control design in
ummzuwmdmm.m
isswe of control modeling and scientific research modeling
is discuseed in {3},

Approaches to robust coatrol
developmeat fall in five major
brisfly described as: (1) He methods [24), (2) limear
optimal quadratic Gaussiaa with loop traasfer recovery
(LQG/LTR) {25}, (3) quaatitative fesdback theory (QFT)
(26), (4) variable structure with sliding modes (VS/SM)
[27], asd (5) Lyapunov theory based methods {28]. The
matbematical modeling structure developed in this paper
is orieated toward the utilization of (5), s methodology
whhh»pmluhmutpmmgbrthtmd
systams, uncertainties, and performance meAsures
research and CELSS applications.
Mustrations of CELSS related applications of Lyapumov
thooryhudmhodso(mbnnmtrold-iglmh
found in {20] and [30].

Thcp-rpmdthhmhbmnnmth»pmd
to the derivation of a costinuous time state varisble
format mathematical model for use in developing & robust
control law for the CGRC.

theory under curremt
jes which can be

SYSTEM DESCRIPTION

Tbedcvdopmntdsqmtomtmlthc
environmental conditions within the PGC of the CGRC
invoives (1) the selection of component devices (i.e.



Fig. 1.
CELSS Crop Growth Research Chamber.

Conceptual model of the Plant Growth Chamber and stmospheric control system of the NASA

actuators) which will affect the environmental variables
that are to be controlled, (2) the selection of component
devices which will provide suitable measures of the
environmental varisbles (i.e. measurement instruments),
and (3) the development of control algorithms which
utilize the outputs of the measurement instruments to
provide the necessary combinations and time sequeacing of
inputs to the actuators so that the required performance
characteristics of the environmental variables within the
CGRC are met.

Fig. 1 is a rep of the gement of the
components hypothesized for control of the atmosphere of
the plant growth chamber. The plants receive radiant
energy from a light source above the chamber (not
shown). Water and nutrients are supplied to the roots by
means of a nutrient delivery system that is materially
isolated from the chamber atmosphere. Air flow into the
chamber is assumed to be sufficient to assure that uniform
conditions exist in the atmosphertic control volume within
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the chamber and surrounding the plant canopy control
volume. Gaseous exchange of carbon dioxide, water vapor
aad oxygen occurs betwoen the canopy aad the
atmosphers.

Air enters near the top of the upper chamber and is
thoroughly mixed with the air in the upper portion of the
chamber. The resulting mixture flows between the walls
and the baffle formed by the piant support surface into
the lower portion of the chamber and them into the
ducting located near the bottom. A HEPA filter is
provided to remove particulates from the air as it leaves
the chamber. Air flow out of the filter is affected by the
controllable orifice flow ares of & valve. A portion of the
air flow is diverted, by means of a controllable flapper
valve and fan, into a gas separator which removes excess
oxygen or carbon dioxide. A ceatrifugal pump (blower)
serves to compensate for pressure losses within the system
and provide the required air movement within the system.
Makeup gases are injected into the flow stream to



maintain the required atmospheric composition. A portion
of the flow is divertad through a dehumidifying heat
exchanger, where the condensate is removed from the
system. Two variable flow area orifices are present, one
each in the flow path through the dehumidifier and in the
parallel bypass. The orifice flow areas are variable in order
to regulate the mass flow ratio of the paths. The air in
the two flow paths is mixed and flows through a section of
ducting. A portion of the flow is diverted through either a
heater or a cooling heat exchanger. Three variable flow
area orifices are present one each in the flow path through
the cooling heat exchanger, the heater and the parallel
bypass. The orifice flow areas are variable in order to
reguiaste the mass flow ratio of the paths. Since mesting
performance specification is considered paramount to
economic constraints in this design concept, two
independently controlied heat exchangers are utilised in
humidity control and temperature regulation. The flows
u;‘ mixed and flow through the ducting to the chamber
inlat.

The task of modeling the processes which affect the
dynamics of the thermal enviroament of greenhouses,
plant growth chambers, livestock houses and confined
spaces has been addressed (9, 11, 12, 14, 18, 19, 31 - 37].
The processes included in the model depend upon the
assumptions of importance of each process in determining
the dynamics of interest for the particular system being
modeled. While the physics of the processes which bave
besn included in these models are applicable to the
dynamics of the CGRC, they do not include all the
processes necessary to account for the dymamics of the
variables of interest in the CGRC.

In the following sections, we describe the assumptions
which we bave made concerning the function of each
component of the CGRC and the physical and biophysical
processes which we hypothesize to contribute significantiy
to the thermal and fluid dynamics within them. In this
formuilation, we consider the scenario in which the PGC
contains a crop of piants forming s closed canopy and the
system goal is to maintain temperature, relative humidity,
pressure, carbon dioxide concentration, oxygea
concentration, and mean air velocity in the chamber
within set toierances about constant operating points.

MODELING PROCEDURE

The process of mathematical model development is en-
hanced by the preliminary formulation of a symbolic
model of the system. The symbolic model is a schematic
representation of each of the generic elemental physical
and biological processes which are to be included in the
mathematical model and the maamer in which these
processes interact in the particular system being analysed.
The mathematical equations describing these elemental
processss and the structure of their interactions combine
to become the mathematical model of the dynamic
behavior of the system. Other symbologies have been used
for deveioping models of engineering systems for control
system studies. These include linear graphs and circuit
diagrams (38, 39] and bond graphs {40, 41). In this paper
we present the symbology of the modeling system which
we have developed for the thermal and fluid dynamics of
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the atmospheric control system of the CGRC.

ASSUMPTIONS — Some assumptions are made in
order to achieve the minimum complexity model for the
current analysis. These assumptions may be modified as
more specific details of the system become available.

(1) Leakage from the system is negligible.

(2) The air in the system consists solely of nitrogen,
oxygen, water vapor and carbon dioxide and behaves ss
an ideal gas.

(3) The boundary of the system includes the PGC and
the elements of the environmental coatrol system.

(4) The air ducts of the system are perfectly insulated.
Thermal capacitance of the air duct walls is negligible.

(5) Distributed phenomena are adequately rep ted
by lumped modeils.

(6) The radiant energy source consists of lamps (and
their associated reflectors) which produce
photosynthetically active radiation (PAR) as wall as long
wave radiant energy. Control of the radiant energy
intensity at the canopy level. frequency content, and
sequencing (i.e. effective pbotoperiod) is unaffected by
PGC processes. A substantial portion of the long wave
radiant energy produced by the radiant energy source in
the 2800 am to 100,000 nm range is absorbed by a liquid
water/giass filter (42). The water in the filter is cooled by
a separate control system which maintains the water at a
prescribed temperature.

(7) The control system for the nitrogen gas bianket
which separates the inner walls from the exterior walls of
the PGC is able to maintain the tempersture of the inner
walls at a prescribed temperature above the dewpoint of
the chamber air.

(8) The canopy processes of transpiration, photo-
synthesis, photorespiration and maintenance respiration
are the only Py Ppr of signifi for the time
scale considered in this model. (See Fig. 3.3 in {43].)
Growth is negligible, i.e. the leaf carbohydrate pool! as
defined in {44] is an infinite source/sink. Similarly, there is
an infinite water source for internal water associated with
the piant.

(9) The plant population can be modeled by ag-
gregating the sum of individual piant processes and their
interactions into a single canopy process. The canopy
biomass is sufficiently large to affect the fluid and thermal
dynamics of chamber. The conditions within the chamber
affect the physiological dynamics of the canopy.

(10) A nutrient delivery system in the lower chamber
is maintained at fixed temperature above the dew point of
the chamber air. There is no material interchange
between the nutrient delivery system and the chamber air.
Water and nutrients are delivered to the piants at the
ideal concentration, pH and pressure. Dynamies of
nutrient delivery and plant uptake and transiocation are
negligible.

(11) The flow rates and entrance temperatures of the
working fluid in the heat exchangers are maintained by
separate control systems whose dynamics are negligible.

(12) An infinite sink exists for the removal of gases
and condensate.

(13) An infipite source exists for the addition of gases
and water vapor.

(14) The dynamics of air diversion from the main flow
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Fig. 2. Conceptusl model of the Plant Growth Chamber and atmoapheric control system of the Crop
Growth Researcu Chamber indicating points and flow path designations for symbolic modeling. Points are
indicated as encircied numbers. Flow paths are shown as numbered arrows. Arrows indicate the direction

of assigned positive flow.

path. gas separation. component gas removal, and reintro-
duction of the diverted gas into the main flow path can be
neglected. The process can be represented by
instantaneous removal of the gas component f{rom the
main flow stream.

(15) The dynamics of source gas or water vapor in-
jection are negligible. The process can be represented by
instantaneous addition of the gas or vapor to the main
flow stream at a prescribed temperature.

(16) Flows are turbuient but fully developed.

(17) Other than in the biower. incompressible flow
relationships are adequate to describe system processes.

ASSIGNMENT OF POINTS AND FLOW PATHS -
Fig. 2 represents the conceptuai model of the CGRC with
the pomnts and flow paths needed for the modeling
symbology assigned to the system. A point is the Jocation
at which ali the vanabies representing potentials with
respect to a fixed reference within a designated volume
may be assumed to be concentrated. Point numbers are

shown encircled. Flow paths represent the coastitutive
relationships (pre ) which occur between points.
Flow paths are shown which arrows indicating the flow

direction which is assigned a positive value. Path
numbers are not circled.
CONSTITUTIVE RELATIONSHIPS —~ The symbol-

ogy for the constitutive relationships is representative of
processes between and at points. In many cases, the
symbol represents aggregated phenomena, i.e. total molar
flow rates.

Storagea — We account for molar storages and energy stor-
ages in the system. Fig. 3 illustrates the moiar storage at
point 1. The symbol illustrates the rate of change of upper
chamber atmospheric mass as a function of moiar flow
rate into the chamber through flow path ] (from the
atmospheric control system) (n,;) and flow path 2 (from
the plant canopy, through gaseous exchange of the
products of transpiration. photosynthesis. photorespization
and maintenance respiration) (n,) and moiar flow rate out



of the upper chamber through flow path 3 (to the
atmospheric control system) (ny) snd flow path 2 (to the
plant canopy, through gaseous exchange of the reactants
for photosyntbesis, photorespiration aad maintenance
respiration) (n,). Significant molar storages in the system
are located at points 1 (upper chamber atmosphere), 2
(plant canopy), 5 (lower chamber atmosph e), 15 (bl
entrance), and 36 (gas resupply chamber). Within the
plant canopy, molar storage is composed of three
substorages: substomatal cavity (gaseous products) (point
2), leaf carbohydrate pool (point 46), and internal plast
water pool (point 44). (Points 46 and 44 are not shown
on Fig. 2.) The remaining small amounts of molar storage
in the system are iumped into these storages.
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Fig. 3. Symbology and sample equation for molar
storage processes. The process is illustrated for the
molar storage at point 1 on Fig. 2. Molar flow rate n,
represents the sum of all atmospheric species in that
fiow. Flow path arrows indicate the direction of
assigned positive flow.

Fig. 4 illustrates the energy storage at point 1. The
symbol illustrates the rate of change of upper chamber
atmosphere energy as a function of enthalpy flow rate into
the upper chamber atmosphere through flow path 1 (from
the atmospheric coatrol system) (ﬁ‘,’) and flow path 2
(from the plant canopy, through gaseous exchange of the
products of transpiration, photosynthesis, photorespiration
and maintenance respiration) (H$), snthalpy flow rate out
of the upper chamber atmosphere through flow path 3 (to
the atmospheric control system) (HS) sad flow path 2 (to
the piant canopy, through gaseous exchange of the
reactants for photosynthesis, photorespiration and
maintenance respiration) (HS), heat transfer into the
upper chamber atmosphere from the plant canopy (Q,)
and from the walls and lights (Q), aad work (PyVy)
done at the moving boundary (glove ports). These
storages are located at points 1 (upper chamber
atmosphere), 2 (plaat canopy), 5 (lower chamber
atmosphere), 15 (blower entrance), and 36 (gas resupply
chamber). An additional energy storage within the plant
canopy represents energy storage associated with the

chemical bonds in the leaf carbohydrate (point 46).
Mechanical energy storage oceurs at point 37, is illustrated
in Fig. 14. and is discussed in conjunction with blower
processes.
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Fig. 4. Symbology and sample equation for energy
storage processes. The process is illustrated for the
energy storage at point 1 on Fig. 2. Flow path arrows
indicate the direction of assigned positive flow.

— We account for total fluid inertia within the
system by lumping all ineriance effects into two fluid
inertances, one in each section of the control system
between the blower and the PGC. Fig. 5 illustrates fluid
inertance located between points 13 and 14. The rate of
change of the molar flow rate between points 13 and 14
(ng) is proporsional to the total pressure difference
between points 13 and 14. A simiiar process is located
between points 35 and 3.
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Fig. 5. Symbology and sample equation for fluid
inertance processes. The process is illustrated for fluid
inertance between points 13 and 14 on Fig. 2. Arrows
indicate the direction of assigned positive flow.




Pipe Friction — We account for total pressure losses due
to friction in the ductwork (constant ares) within the
system by lumping all constant area friction effects into
two friction loss processes, one in each section of the
control system between the blower and the PGC. Fig. 6
illustrates pipe friction located between points 12 and 13.
The total pressure difference between points 13 and 14 is
proportional to the square of the molar flow rate between
points 13 and 14 (ng). The friction factor is determined
by the duct suriace and the Reynolds number. Effects of
fittings and bends are included in equivalent length. A
similar process is located between points 24 and 25.
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Fig. 6. Symbology aad sample equation for pressure
changes due to pipe friction for constant area, single
phase flow. The process is illustrated for friction
between point 12 and 13 on Fig. 2. Arrows indicate
the direction of assigned positive flow.

Flow Splitting and Joining — We  account for  total
pressure changes due to flow division and flow merging.
These processes occur in the section of the control system
involving dehumidification and temperature balancing.
Fig. 7 illustrates flow division between points 17 and
points 18 and 19. The total pressure difference between
point 17 and point 18 (or between point 17 and point 19)
is a bilinear function of the molar flow rates (n,,} and
(ny6) (or (ny,) and (nyg)). The weighting of each term
(8y.93) is a function of the splitter geometry. A similar
process is located between points 25 sad points 26, 27,
and 28.

Fig. 8 illustrates flow merging among from points 22
and 23 to point 24. The total pressure difference between
point 22 and 24 (or 23 and 24) is & bilinear function of the
molar flow rates (nay), (ng), and (nay). A corresponding
process relates the flows through points 32, 33, 34, and
35.

Sudden Expansion — We account for total pressure
changes due to sudden increases in cross sectional flow
area. Fig. 9 illustrates sudden expansion from point 3 to
point 1. Pressure change varies a3 a function of the
square of the moiar flow rate between points 3 and 1 (ny).
Similar processes are located between points 8 and 9, 14
and 13. and 16 and 36.
Sudden jon — We account for total pressure
changes due to sudden decreases in cross sectional flow
area. Fig. 10 illustrates sudden contraction from point 5
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to point 6. Pressure change varies as a function of the
square of the moiar flow rate between points 5 and 6 (ng)
and as a function of the upstream and downstream duct
diameters. Similar processes are located between points

10 and 11. and 13 and 17.
Ve ©
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Fig. 7. Symbology and sampie equations for flow
splitting process. The process is illustrated for flow
splitting between point 17 and points 18 and 19 on
Fig. 2. Pressure reiationship from [45]. Arrows
indicate the direction of assigned positive flow.

Flow through an Orifice — We account for total pressure
changes due to flows through orifices. Fig. 11 illustrates
flow through an orifice between points 11 and 12.
Pressure drop across the orifice varies as a function of the
square of moiar flow rate between points 11 and 12 (n,).
For a circuiar variable diameter thin plate orifice K; can
be approximated as a quadratic function of the orifice to
duct diameter. Similar processes are located between
points 21 and 22, 20 and 23. 31 and 32, 30 and 33, and 29
and 34. All of these orifice areas are shown as variable.
These orifice areas are available as system control inputs.
A similar process occurs between points 1 and 5 around
the plant growth platform which forms a baffle between
the upper and lower regions of the PGC. In that case, the
orifice area is fixed.

Flow through a Porgus Media — We account for total
pressure changes through the particulate filter. Fig. 12
illustrates flow through a filter between points 9 and 10.
The pressure difference between points 9 and 10 is
proportional to the square of the molar flow rate hetween
points 9 and 10 (n4). Filter porosity may decrease as
material accumulates within the filter.
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Fig. 8. Symbology aad sampie equations for flow
merging process. The process is illustrated for flow
merging from points 22 and 23 to point 24 on Fig. 2.
Pressure relationship from [45]. Arrows indicate the
direction of assigned positive flow.
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Fig. 9. Symbology and sample equation for sudden ex-
pansion procass. The process is illustrated for sudden
cross sectional flow area expansion from point 3 to
point 1 on Fig. 2. Arrows indicate the direction of
assigned positive flow.

Gas Removal — We account for the removal of excess
atmospheric. gases from the system. Fig. 13 illustrates
selective removal of gases from the system at point 12.
The molar and entropy flow rates downstream of the
extraction point are equal to the upsiream rates iess the
rate of gas removal.
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Fig. 10. Symbology and sample equation for sudden
ntru:tnon process. The process is illustrated for
cross ional flow area contraction from point
S to point 6 on Fig. 2. The formuiation of K, is
specific to the sudden contraction flow process and
may be approximated as proportional to the ratio of
downstream to upstream duct diameters. Arrows
indicate the direction of assigned positive flow.
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Fig. 11. Symbology and sample equatior for flow

through an orifice. The process is illustrated for flow
through the orifice from point 11 to point 12 on Fig. 2.
The formulation of K, is specific to the orifice flow
process and may be approximated as a quadratic
function of the duct to orifice diameter. Arrows
indicate the direction of assigned positive flow.

Gas Iniection — We account  for the addition of
atmospheric gases. This process is illustrated in Figs. 3
and 4. In that case. the gases which are added to molar
storage originate from another system component (the
plant canopy). A molar flow rate of additional gases (n,y)
from an external source is indicated at point 13. Molar
and energy influx rates from the external sources are
modeled in a fashion similar to that shown in Figs. 3 and
4, respectively.

Blower — We account for thermal, mechanical and fluid
processes associated with the blower. The processes
invoived with the biower are illustrated in Fig. 14. These



processes occur between points 15. 37 and 16. Motor
torque is avaiable as a control input. A mechanicai
energy storage (due to the rotational inertia of the motor
and impeller) occurs at point 37. Mecbhanical power is
added to the system by the pump motor. Pump efficiency
is accounted for in the mechanical to fluid power
conversion process equation. AR isentropic compression
process is modeied in the biower.
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Fig. 12. Symbology and sampie equation for flow
through a porous media. The process is illustrated for
flow through the porous filter from point 9 to point 10
on Fig. 2. The formuiation of K, is specific to the
porous flow process. Arrows indicate the direction of
assigned positive {low.
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Fig. 13. Symboiogy and sampie equations for gas
removal. The process is illustrated for gas removal at
point 12 on Fig. 2. Arrows indicate the direction of
assigned positive flow.

Heat Exchangers — The three heat exchangers (dehumid-
ifying, cooiing, and heating) are represented by a generic
counterflow model. The processes invoived in the heat
exchanger model are illustrated in Fig. 15 for the
dehumidifier between points 19 and 21 and 18. The
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processes in the working fluid. whose dynamics are
separately controlied, occur between poiats 38 aad 39.
The logarithm mean tempersture difference method is
used. Since condensate is removed in the dehumidifier, a
flow path (18) is shown for moisr and enthalpy flow. The
condensate flow path will not appear for the other two
heat exchanger systems. For the debumidifier the molar
flow rates for water vapor and other atmospheric
component gases are considered separately. This process
is not required for the other heat exchanger systems.
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Fig. 14. Symbology and sampie equations for the
blower. The processes occur between points 15. 37
and 16 on Fig. 2. K, is the pump pressure reaction
coefficient. Arrows indicate the direction of assigned
positive flow.

Molecuiar Diffusion —~ We t for iecular diffusion
of gases between the canopy and the chamber air. Fig. 16
illustrates diffusion of water vapor between points 1 and 2
{the substomatal cavity). The diffusion resistance
represents the sum of boundary layer and stomatal
resistance. Boundary layer resistance various with wind
speed [46]. The stomatal resistance is different for the
different moiecules in the atmosphere {47] and varies as a
function of canopy temperature, ambient relative
humidity. canopy carbor dioxide concentration. and
canopy water potential {48). Stomatal and boundary layer
resistances are defined as overall canopy ievel resistances.
The moiar flow rate (n,) is proportionai to the difference
between specific humidity at point 2 and at point 1.

We account for resistance to diffusion through the
mesophyll cells for gases and. for carbon dioxide, the
resistance associated with the carboxyiation reaction (47,



49, 50). The process is illustrated in Fig. 17 for carbon
dioxide. The molsr flow rate (nyy) is proportional to the
difference between carbon dioxide concentration at point 2
and point 46.
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Fig. 15. Symbology and sample equations for the
heat exchanger. The processes are illustrated for the
heat exchanger between point 19 and 21 on Fig. 2.
Arrows indicate the dir of assigned positive flow.
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Fig. 16. Symbology and sample equation for molecu-
lar diffusion of gases between the plant canopy and the
chamber air. The process is illustrated for water
vapor diffusion between point 1 and point 2 on Fig. 2.
Arrows indicate the direction of assigned positive flow.
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Water Transport — We  account

— =2 —o
KA« pesya (€9 — <4g)
Dy = T,

Fig. 17. Symbology and sample equation for diffusion
through the mesophyil and resistance associated with
the carboxylation reaction. The p is ill d
for carbon dioxide between point 2 and point 46.
Arrows indicate the direction of assigned positive flow.

for water transport
through the piant from the point designated as an internal
water pool (source) to water vapor in the substomatal
cavity. The process is illustrated in Fig. 18. The molar
flow rate (nyg) is proportional to the water potential
difference between points 2 and 44.
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Fig. 18. Symboiogy and sample equation for water
transport through the plant. The process is illustrated
for transport from point 44 to point 2. Arrows
indicate the direction of assigned positive flow.

Convective Heat Transfer — We account for convective
heat transier between surfaces in the chamber and the
chamber sir. Fig. 19 illustrates convective heat transfer
between the plant canopy and the upper chamber air.
The convective heat transfer rate (Q,) is proportional to
the temperature difference between point 1 and point 2.
A similar process occurs between poiats | and 4i and
points 5 and 7i.

Radiative Heat Tranafer — We account for radiative heat
transfer between surfaces in the chamber. Fig. 20
illustrates radiative heat transfer between the plant
canopy and the upper chamber walls. The radiative heat



transfer rate (Q.o) is proportional to the difference
between the fourth power of temperature at point 2 and
the fourth power of temperature at point 4i.

3 = O
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Fig. 19. Symbology and sample equation for convect-
ive heat traasfer. The process is illustrated for
convective heat transfer between the plant canopy,
point 2, and the upper chamber air, point 1. Arrows
indicate the direction of assigned positive flow.
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Fig. 20. Symbology and sampie equation for radiative
beat transfer. The process is illustrated for radistive
heat transfer between the plant canopy, point 2, and
the upper chamber surfaces. point 4. Arrows indicate
the direction of assigned positive flow.

Absorption of PAR ~ We account for absorption of photo-
synthetically active radiation (PAR) by the plant canopy.
Fig. 21 illustrates absorption by the piant canopy (point
2) of PAR from the visibie light energy at point 45.

Bound Encrgy = We account for PAR energy absorbed
but not used in photosynthesis, energy present in chemical
bonds as a result of photosynthesis and the energy
reieased as & resuit of respiration. The energy associated
with the inorganic materiais at point 2 are reiated to the
energy associated with the organic materials at point 46
through the photosynthetic and respiration processes.
Some of the PAR absorbed is not used for photosynthesis
and becomes part of the energy storage at point 2. The
energy released as a f{unction of photorespiration and
maintenance respiration becomes part of the energy
storage at point 2. Canopy data for wheat in a CELSS
can be found in [13). The process for groes photosynthesis

(without photorespiration) is illustrated in Fig. 22.
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Fig. 21. Symbology and sampie equation for absorp-
tion rate of photosynthetically active radiation (PAR).
Effective canopy area is used since all leaves are not
equally illuminated. Average energy content of photo-
synthetic photons from (13, 42. 51}). Incident PAR
above the canopy includes PAR emitted from all
sources as well as direct and indirect sources and
scattered PAR (44]. Arrows indicate the direction of
assigned positive flow.
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Fig. 22. Symbology and sampie equations for rate of
transformation of energy to/from organic chemical
bonds. The process is illustrated for photosynthesis.
Average energy c t of ph ynthetic phot
from (13, 42. 51]. Incident PAR above the canopy
'| includes PAR emitted from all sources as well as direct
and indirect sources and scattered PAR [44].
Maximum rate and half saturation constants are
functions of carbon dioxide concentration [44). Arrows
indicate the direction of assigned positive flow.

Modulated Sources — We account for moduiated sources.
Sources are devices which are capable of delivering energy
to a system from a location external to it. Sources are
considered to deliver a variable to the system in a
prescribed manner. A dependent source is one in which
that source vanable is a function of another independent



varisble. The second independent varisbie is termed the
modulating variable [38]. No energy is drawn from the
port of the modulating variable. A modulated source is
illustrated in Fig. 23. An enthalpy flow rate, H3, occurs
between point 1 and 2. The entbalpy flow rate is &
function of the modulating varisbles n,, the molar flow
rase in path 2, and by, the specific entbalpy at point 2.
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Fig. 23. Symbology and sample equation for a modu-
lated sourcs. The procass is illustrated for a modu-
lated entbalpy flow rate source between points 1 and
2. The enthalpy flow rate in path 2 is a flow source
which depends upon molar flow rate in path 2 and the
specific enthalpy at point 2. Arrows indicate the
direction of assigned positive flow.

STRUCTURAL RELATIONSHIPS — The  symbols
for each of the processes which were developed in the
previous section are used in the formulation of the
modeling diagram for the system. The modeling diagram
describes the manner in which those processes which were
previously described interact. Whereas the same process
may occur at masy points and is generic to many physical

flows into a point is equal to the sum of the energy flows
out of a point. Exampies are:

At point 35, . )
Hgo + 3, + RS, = HY
At point 3,
S = HS
and
At point 1:

B+ H3 + Qp + Qa - P, V; = HS + Ecqy-

Since we sssume that there is no heat transfer, mo
encrgy storage, and no work done in the ducts, there is no
change in entbalpy through flow paths &, 6, and 7.
Consequently, enthalpy flow rate between points 5 sad 12
is designated as HS. Similarly flow path 1, flow paths 16
and 12, path 23, and paths 25 and 31 represent coastant
enthalpy processes.

CONTROL INPUTS — The variables which are io-
dependent of the system and are available to be arbitrarily
determined as a function of time or ss & function of the
system variables are designated control variables. - They
are chamber lighting, chamber wall temperatures, valve
orifice flow areas, gas flow rates out, gas flow rates in, and
blower motor torque.

DISTURBANCES - Disturbances may take the form
of variables which are independent of the system internal
variables but may not be arbitrarily determined (such as
chamber volume changes due to glove port use) or changes
in system parameters due to aging, etc.

SYSTEM EQUATIONS — The constitutive relation-
ships (processes) and structural equations form the set of
algebraic and dynamic primitive equations which together
describe the linked thermal and fluid dynamic behavior of
the plant growth chamber and the stmospheric control
system of the Crop Growth Research Chamber. Pressures
and temperatures can be related to the potentials at each
point on the molar component and energy component
diagrams, respectively. The molar and energy flow and
storage process representations shown in the proceeding
are symbolic in that in the actual representation

systems, the structure of the modeling disgram rep
a process interaction which is umique to the system being
modeled. When the process symbols sre linked at the
appropriate structural poiats, two modeling diagrams are
produced: one which represents the molar component and
one which represents the energy componeat of the system.
The molar componest modeling diagram is shown ia
Fig. 24. The continuity principle is wsed to write the
equations at each point, i.e. the sum of the molar flow
tates into a point is equal to the sum of the molar flow
rates out of a point. Examples are:

At point 35,
ny + 8yy + B3y = 8y
At point 3,
ﬂx = ﬂx
and
At point 1,

ny + 0y =Ry -+ l':c,u.
The energy component modeling diagram is shown in
Fig. 25. The energy vation principle is used to write
the equations at each point, i.e. the sum of the energy

ating for molar flow and storage by species is
necessary. The equations can be written in terms of the
partial pressures of each atmospheric component, total
pressures, mass or molar flow rates (hence velocities,
transpiration rates, etc.), air temperatures, plast canopy
temperature, etc.

The equations, in state variable form. can be used to
analyzse system properties such as: (1) location of
equilibrium points, (2) stability at equilibrium points, (3)
stability robustness at stable equilibrium points, (4)
controllability, snd (5) observability. The state variable
form of the equations, formatted to include system
uncertainties and disturbances, can be used to seek robust
control algorithms. If analysis of the system model
indicates that the properties of the systeam are
unsatisfactory such that robustness cannot be achieved or
can only be achieved at unacceptable cost of some other
performance measure, a proposed alteration to the system
structure may be required. The model of a proposed
reconfiguration can developed by reformulating the
structural relationships of the process models to conform
to structure implied by the altered configuration.
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Molar component of the modeling diagram of the Piant Growth Chamber and atmospheric
control system of the Crop Growth Research Chamber.
indicated on Fig. 2. Modeling symbols are defined in Figs. 3 through 23.
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Points and flow paths correspond to those

Additional process models can be added if required by the
altered configuration.

CONCLUDING REMARKS

We have presented a symbology for an organized
approach to the derivation of the equations which describe
the dynamic behavior of a pisat growth chamber with
closure. We have illustrated the linkage between the
model of the physical system components and the model of
the biological component. As previously noted. several
assumptions were made to reduce the complexity of the

over a growth cycle.

It is characteristic of the system control problem to
employ simplified models for the purpose of controller
synthesis. These models typically (a) employ functiopally
more simple (linear, ususlly) representations of process
behavior and (b) do not describe all stable dyaamics.
Historically, this strategy has been remarkably successful
because implementation of feedback control can render a
system robust to a variety of perturbations. Computer
simulations, based on more comprehensive and nearly
compiete models which at least include the most
significant nonlinearities, are most useful to demonstrate

[ lied system performance. Simuiations and the

system for the purpose of demonstrating the modeling
procedure. Additional processes, such as those affecting
crop shoot-root interactions, wouid be added in order to
model the behavior of the system in response to root zone
environment disturbances and control inputs. Processes
which affect longer term phenomena. such as biomass
production, would be added to model system behavior

newly emerging perspectives of robust conirol are crucial
for the purpose of assuring performance.
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NOMENCLATURE
A canopy area (m?) D duct diameter (m)
Ad effective cross sectional area of the ductwork (m?) Ei rate of energy sccumulation at point i (watts)
A duct cross sectional area in flow path i (m?) FiJ radiative shape factor between surfaces i and j
A area of surfacs i (m?) f friction factor
As hest transfer area (m?) fae photasynthetic rate (watts)
Ag total effective canopy area for short wave fa PAR abeorption rate (watts)
absarption (m~?) H,* total enthalpy flow rate in path i (watts)
air dry air he canopy convective heat transfer coefficient
5 moie fraction of carbon dioxide at point j (watts m=? K™%)
&y, molar specific heat in path i (Joules mol~! K™') hj specific enthalpy at point j {Joules mol™!)
oy carbon dioxide hyo water - liquid or vapor (in context)
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I moment of inertia of motor and impeiier (kg m*)

Ias incident PAR above cagopy (smol m~? seec ~1)

KA. effective area for diffusion in the canopy (m?)

Ke average energy content of ph yathetic phot
(J pmol™")

K, pump pressure reaction coefficient

KriJ radiative heat transfer coefficient (m")
Kig =K (Fig 0 5 A Ay)

L effective duct length (m)

MW, | molecuiar weight of dry air in chamber (g mol™")

MW, moiecuiar weight of air in the ductwork (g mol™!)
n; molar flow rate in path i {moles sec™")

ny nitrogen

0y oxygen

P1 Vl work done by the system (watts)

Pj pressure at point j (Pa)

Pj' total pressure at point j (Pa)

PPF  photosynthetic photon flux (ymol m~? sec )
Q‘ heat transfer rate in path i (watts)

9 humidity ratio at poiat j

R universal gas constant (Joules mol~! K=!)

Re internal fluid resistance (n m sec™')

re” water vapor boundary layer resistance (sec m")
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DEVELOPMENT OF A MODEL FOR CONTROL OF THE
NASA CELSS CROP GROWTH RESEARCH CHAMBER

A. L. Blackwell and C. C. Blackwell

The Center for Dynamic Systems Coontrol Studies, Department of Mechanical Engineeriag
The Univermity of Texas at Arlington, Arlisgton TX 76019.

ABSTRACT

in support of deveiop of bioreg ative life support
systems for space habitats, a chamber for conducting re-
search on the biophysical response of crop piants in con-
trolied environments is being desigped by the Natiooal
Aeronautics and Space Administration. The impreasion
of msthematical desenptions of the behavior of biolomeal
systems led to the development of & modei which can oe
used Lo derive s strategy for controi of the chamber eswn-
ronment which is robust to the system uncertainties. The
modeling approach and observations of the characteristica
of the mode! are described.

INTRODUCTION

Regenerative life suppors systems are judged to be essen-
tial to of piated by the
Office of Exploration of the Nltxoad Aeronautics and
Space Administration (NASA). A higher degree of
maserial dnun thu that prmndtd by phymochemical life
t Zy s y for some

(1] A of prmndlng greater closure 1
through use of a bi ative life support eystem. 1e.
ooe in which the producuon of food, the replenishment of
oxyges and removal of carbon dioxide from the
atmosphere and the production of fresh water is provided
by higher piants and/or algae in conjunction with
physiochemical systems.

vp

To conduct experiments on the biophysical responses of
higher piants from seed to maturation in ciosed environ-
ments. & crop growth research chamber (CGRC) (2] is
being developed at the NASA Ames Research Center
under the Controlled Ecological Life Support System
(CELSS) program. [3] Stringent control of ail environ-
mental variables (e.g. hghtlng, p at phenc
oxygen, carbon di trat humidity and
pressure. nutrient solution temperature, ion and dissolved
oxygen ti aad pr )} which affect the
production of biomass. oxygen, and transpired water
vapor, and the consumption of carbon dioxide. liquid
water. and nutrients by the plaats will be required.
Knowiedge of the autecology of crop plaat popuiatioas
derived from CGRC research will permit utilizatioa of the
CELSS plant growth unit as » itiple input itipk
output life support system [ whose {i aad
performance can be varied as req d through lication
of appropnate control strategres.

PP

SYSTEM DESCRIPTION

The CGRC differs from other plant growth chambers
(references in (4]} in size, degree of matenal ciosure,
performance requirements. and number of controlled
environmental variables (Tabie 1). Uncertainties in the
CGRC system are most manifest in the living component.
The inherent varnability of biological systems makes the
task of precise mathemauical description of their behavior
difficuit. The bounds set on the required performance of
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the system, coupled with the uncertainties anising from the
impreaision in  koowiedge of functional forms and
parameters describing piaat biophysical ecology, have led
us to sesk a nw for control of the chamber
environmest which is robust to the system uncertaisties
uun; Lyspunov theory based methods {5]. [n this paper
we ibe the devel of a deling structure
consistent with the denvu.m of such controilers.

MODELING APPROACH

The del includes the linkag betmthephyﬁcd
system composents and the biolog
Tentative physical component nizes were bu-d upoa
lighting, pressure, phase and ure rise
and the proposed physical colﬁgunun of the chamber
(Fig. 1). Asseming that the chamber contained a full
canopy of a nearly mature crop of wheat (Yecora Rojo)
under fully lighted conditions, esseatially all the photo-
hetically active radiast energy from the lights was
eouadeud abeorbed by the plants. A large fraction (5/6)
was assumed converted into sensible heat, raisiag the ca-
nopy tempersture slightly above that of the nominal
ambient chamber air, the remander used in evaporating
water internal to the plant casopy sad subsequeatly
transpired. The fraction of energy fixed in photosynthesis
or released in metabolism was considered sufficiently small
to negiect in the esergy balance for short term dynamics.
The piant Py was deled as perature aad vapor
and gas exchange disturbances. A desenption of the
physical systemn and the modeling system used to derive
the constitutive and structural relationships describing the
processes occurring in the sboot zone of the plaat growth
chamber is deveioped in {4].

The primitive system equ. for the inal del (i.e.
without uncertainties)
A=A g+ Ao+ Au+Ad
Bi,e + 8,9 +8,u+8,d=0 (1)
were derived by linearniziag the process equations about an
equilibrium point calcuiated by g conditi in the

chamber at values within the required opersting enveiope.
The nominal linear time invariant state variable form

im Fx+Gu+ Ed

y=Cx+ODu+ Hd (2)
was derived from (1) according to {6]. The 19 natural
variable system states consust of the molar compositions
and temperatures of the air in the upper and lower
sections of the chamber and in the ducts, blower motor
speed. molar flow rate in the ducts and upper chamber
volume. The 11 controi vanables are described in terms of
valve loss coefficients. blower motor control torque, and
gas injecty and extr rates. The 8 disturbance
varisbles are plant canopy temperature and gas exchange
rates. chamber wall temperatures. gas injection
temperature snd chamber volume changes due to giove
port utilization.

PRECEDING P43E BLANK NOT FILMED



OBSERVATIONS
§otne initial observations of the properties of tbe nominal
linear model rel to | design are di d
below.

a. Utilisation of the SVD in MATLAB indicated that, for
the sceasrioc modeled, B, is poorly coaditioned. The
values of some eigenvalues of F are quite sessitive to the
method used for matrix inversion in the equstion

duction p d Equati d from primitive
to state varisble form was performed using MATLAB.

b. Of the 19 eigenvaives, 3 are positive real, 5 are negative
real, ope is sero, the others are plex with negative
parts. All pairs excapt one have damping ratios ()

greater thas 0.7.

¢. The system was transiormed to modal form.
Examination of the real Jordan matrix inverse revealed
that most des are primarily infl d by rational
groups of | iabl For e, the molar
quantity of water vapor throughout the system (i.e. in the
upper chamber, lower chamber, and in the ducts)
predomi ly infl the most unstable mode and one
complex mode; chamber volume predomiaantly influences
the second most unstable mode amd a secoad complex
mode; molar quantity of carbos dioxide throughout the
system predominantly influences the least unstable mode
aad a third complex mode. The magaitudes of the three
complex modes differ by Jess than 1%.

d. All modes other thas that associated with chamber
volume sre controllable. All modes are vuloerable to the
disturbaaces.

¢. Placament of the largest stable sigeavalue (dominsted
by system oxygea coocentration) from the open loop value
of ~0.257E—6 %0 1.0 was achieved by linear fesdback of
only the state variables represeating oxygen and system
volume without aflecting more than the fifth significant
figure of asy of the other cigenvalums.

CONTINUING DEVELOPMENT
A parameterised linear model is being developed to
uc?m-odm potential varistions in proposed CGRC
desigs coafiguration. Bounds on the values for the
uncertainties associsted with the crop dymamics will be

TABLE 1. Op g raages and tol qQ

ts for the pheri iables in the shoot zone
of the plant growth chamber of the NASA CELSS
Crop Growth Research Chamber.

Air temperature 540°C 2 1°C
Relative humidity 35-90% + 2%°
Carbon dioxide 25-50000 ppm + 5%
Oxygen 5-25% + 5%°
Nitrogen 75-95% + 5%°
Gage pressure 47 mm Hg = 5 mm Hg
Air velocity 0l-lmsec! £ .1m sec”!
Photcsynthetic 0-3000 pmoles m~? s~

photon flux 4 10 ymoles m~? s~!

Surface temperatures Air temperature + 2° C

« tolerance as % of set point vduj
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obtained from CELSS crop physiologists. Bouads on the
values for the uncertainties associsted with the physical
Y will be ob d from the NASA Ames Ressarch
Center CGRC engipeering team. Computer simulations of
the ki sy quats are being developed. The
simulations will be used to duct o dies to
evaluate system performance with various candidate
control strategies.
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APPENDIX A.3:

THE LINEAR STATE VARIABLE REPRESENTATION COEFFICIENT
MATRICES
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APL =

1.0D+05 *
Columns 1 thru 4
-0.002424541202636
0.000007428647359
0.000002400532336
0.000000012012662
0.000000158817643
0.000000886999249
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.000007473646694
-0.000002399467664
-0.000000012002662
-0.000000161035711
-0.000071705926065
0.000000000000000
0.000000000000000
Columns 5 thru 8
-0.015584615000000
-0.104155231885820
-0.033657271994475
-0.000168286354972
-0.002270129825046
-0.047268854535376
0.104155231885820
0.033657271994475
0.000168286354972
0.002270129825046
-0.139011870881306
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.0000000009000000
0.000000000000000

Columns 9 thru 12

0.000000000000000
0.306365761428881
0.099000649983750
0.000495003249919
0.006641293603077
0.139026042751107
-0.306338921428881
-0.098991976983750
-0.000531103249919

-0.015584615000000
-0.104167521885820
-0.033657271994475
-0.000168286354972
-0.002257842025046
-0.047268854535376
0.104167521885820
0.033657271994475
0.000168286354972
0.002257842025046
-0.139011870881306
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

-0.004425979500000
-0.029582335980663
-0.009559392265193
-0.000047796961326
-0.000641275897790
-0.013465337587892
0.029582335980663
0.009559392265193
0.000047796961326
0.000641275897790
-0.039428269392866
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.306365761428881
0.099000649983750
0.000495003249919
0.006641293603077
0.139026042751107
-0.306338921428881
-0.098991956983750
-0.000494960009919

-0.015584615000000
-0.104155231885820
-0.033669561994475
-0.000168286354972
-0.002257842025046
-0.047268854535376
0.104155231885820
0.033669561994475
0.000168286354972
0.002257842025046
-0.139011870881306
0.000000000000000
0.000000000000000
0.0000600000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.306365761428881
0.099000649983750
0.000495003249919
0.006641293603077
0.139026042751107
-0.306375061428881
-0.098991976983750
-0.000494960009919
-0.006640711803077
0.408858443768547
0.045837102941176
0.000009300000000
-0.000008673000000
-0.000000043360000
-0.000000581800000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.029593147410898
0.009562885927852
0.000047814429639
0.000641510264327
0.013429105647768
-0.029593147410898
-0.009562885927852
-0.000047814429639

A3.2

-0.015584615000000
-0.104155231885820
-0.033657271994475
-0.000180581104972
-0.002257842025046
-0.047268854535376
0.104155231885820
0.033657271994475
0.000180581104972
0.002257842025046
-0.139011870881306
0.000000000000000
0.000000000000000
0.000000000000000
0.000600000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.306365761428881
0.099000649983750
0.000495003249919
0.006641293603077
0.139026042751107
-0.306338921428881
-0.099028119983750
-0.000494960009919
-0.006640711803077
0.408858443768547
0.045837102941176
-0.000026800000000
0.000027470000000
-0.000000043360000
-0.000000581800000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.006000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.000007427000000
-0.000002400000000
-0.000000012000000



APL(continued)
-0.006640711803077
0.408858443768547
0.045837102941176
-0.000026840000000
-0.000008673000000
0.000036100000000
-0.000000581800000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 13 thru 16

0.031773295283869
0.000006330000000
-0.000005901000000
-0.000000029530000
-0.000000395800000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.031773295283869
-0.000006220000000
0.000005901000000
0.000000029510000
0.000000395800000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 17 thru 19

0.004429819765695
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000012636792617
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.004429819765695
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.000024575432811
0.000000000000000
0.000000000000000

-0.006676853603077
0.408858443768547
0.045837102941176

-0.000026840000000

-0.000008673000000

-0.000000043360000
0.000035560000000
0.000000000000000
0.000000000000000
0.000000000000000

0.031773295283869
-0.000018260000000
0.000018690000000
-0.000000029530000
-0.000000395800000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.031773295283869
0.000018370000000
-0.000018690000000
0.000000029510000
0.000000395800000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000519274000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000822452196
-0.000001580805758
0.000000000000000

-0.000641510264327
0.039441678349110
0.004427597058824
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000024575432811
0.000000000000000
6.000000000000000

0.031773295283869
-0.000018260000000
-0.000005901000000

6.000024560000000
-0.000000395800000

0.000000000000000

0.000000000000000

0.000000000000000

0.000000000000000

0.000000000000000

0.000000000000000
-0.031773295283869

0.000018370000000

0.000005901000000
-0.000024550000000

0.000000395800000

0.000600000000000

0.0006000000000000

0.000000000000000

0.648836700000000
4.336690953038673
1.401381215469613

0.007006906077348

0.094009323204420
1.967951572080137
4.336690953038673
1.401381215469613
-0.007006906077348
-0.094009323204420
5.787502839399791

0.000000000000000

0.000000000000000

0.000000000000000

0.000000000000000

0.0000060000000000

0.000000000000000

0.600000000000000

0.000000000000000

A3.3

-0.000000161000000
-0.000009894665308
-0.000489255870000
0.000007427000000
0.000002400000000
0.000000012000000
0.000000161000000
0.000071561445609
-0.000003084020638
0.000000000000000

0.031773295283869
-0.000018260000000
-0.000005901000000
-0.000000029530000

0.000025090000000

0.000000000000000

0.000000000000000

6.000000000000000

0.000000000000000

0.0000000000006000

0.000000000000000
-0.031773295283869

0.000018370000000

0.000005901000000

0.000000029510000
-0.000024180000000

0.000000000000000

0.000000000000000

0.000000000000000



BPL
1.0D+04 »

Columns 1 thru 4

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-1.339113000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.000074270000000
-0.000024000000000
-0.000000120000000
-0.000001610000000
-0.000098946653075
-0.004591610000000
0.000074270000000
-0.000076000000000
0.000000120000000
0.000001610000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 5 thru 8

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000100000000000
0.000000000000000
0.000000000000000
0.000725474031327
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000100000000000
0.000000000000000
0.000911788953009
0.000000000000000
0.000000000000000

Columns 9 thru 11

-0.000011567184703
-0.000000004442601
-0.000000001435605
-0.000000000007178
0.000000005885384
0.000000142327155
0.000000000000000
0.000000000000000
0.000000000000000

-0.533985494195872
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.001232788811738
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000017250000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000100000000000
0.000830173124485
0.000000000000000
0.000000000000000

-0.024352741122039
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

-0.000138158814227
0.000000000000000
0.000000000000000
0.000000000000000

A3.4

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000100000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000717889530091
0.000000000000000
0.000000000000000

-0.105145008041067
0.000000850426248
0.000000274811229
0.000000001374056

-0.000001126611533

-0.000027245020290
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

-0.000000850082734
0.000000274811229

-0.000000001374056

-0.000000018435253

-0.000008208843239
0.000000000000000
0.000000000000000



BPL(continued)

0.000000000000000
0.000000000000000
0.000000000000000
0.000000004440806
0.000000001435605
0.000000000007178
0.000000000096305
0.000000042882747
0.000000000000000
0.000000000000000

CPL

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 1 thru 4

0.000000000000000
0.000000000000000
-1.000000000000000
0.000000000000000
0.000000000000000
-0.374812247255921
6.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
-1.000000000000000
0.000000000000000
-0.428076256499133
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

Columns 5 thru 8

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.034662045060659
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
-0.077007510109763
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.0060000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
1.000000000000000
0.428711727325246
0.000000000000000
0.000000000000000
6.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

6.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.0000006000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.101936799184506
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

A3.5

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
2.357019064124783
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000

0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.000000000000000
0.600000000000000
0.000000000000000
0.000000000000000
0.000070873866447



CPL(continued)
0.000000000000000 0.000000000000000 0.000000000000000 0.000000000000000

0.000000000000000 1.000000000000000 0.000000000000000 0.000000000000000

A3.6
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